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TREATMENT  OF  LANDFILL  LEACHATE  AT  ARMY  FACILITIES 


1  INTRODUCTION 


Background 

Before  1965,  there  were  no  effective  regulations  on  the  location,  design, 
or  operation  of  municipal  garbage  dumps,  landfills,  and  industrial  waste 
disposal  grounds  in  the  United  States.  Because  of  this  lack  of  control, 
burial  of  many  types  of  waste  material  became  a  widely  accepted  method  of 
disposal.  With  few  exceptions,  Department  of  the  Army  (DA)  facilities  used 
similar  practices. 

One  difference  at  DA  sites  must  be  stressed:  wastes  unique  to  the  mili¬ 
tary  have  been  buried  —  e.g.,  training  residues;  propellant,  explosive,  or 
pyrotechnic  residues;  and  abandoned  transformers.  Such  materials  may  be  mixed 
with  the  general  solid  waste  stream  and  buried  in  engineered  sites;  or  these 
wastes  may  be  disposed  of  separately  —  deposited  in  engineered  sites  or 
dumped  in  locations  such  as  abandoned  sand  and  gravel  pits,  rock  quarries, 
gullies,  hollows,  or  sink  holes. 

There  are  abandoned  land  disposal  sites  (both  authorized  and  unauthor¬ 
ized)  and  operating  facilities  at  most  Army  installations.  Unless  extreme 
care  was  taken  during  location,  design,  and  operation,  all  land  disposal  sites 
can  generate  a  grossly  polluted  liquid  effluent  called  leachate.  This  sub¬ 
stance  is  produced  by  the  natural  processes  which  occur  between  decomposing 
waste  and  moisture  entering  the  burial  area. 

When  a  burial  site's  moisture-retention  capacity  is  reached,  leachate  is 
forced  into  the  surrounding  environment,  resulting  in  contamination  of  ground- 
water,  surface  water,  and  soil.  The  hazards  associated  with  leachate  become 
especially  significant  when  one  considers  that  only  3.5  oz  of  the  substance 
(containing  toxic  metallic,  organic,  or  chlorinated  hydrocarbon  compound)  dis¬ 
solved  in  2.2  million  lb  of  clean  water  may  be  harmful  or  even  lethal  to 
humans,  animals,  plants,  and  many  aquatic  life  forms. 

Leachate  pollution  is  a  nationwide  concern.  The  Resource  Conservation 
Recovery  Act  (RCRA)  (Public  Law  94-580,  October  21,  1976)  requires  that  water 
supplies  be  protected  from  leachate  contamination.  The  U.S.  Environmental 
Protection  Agency  (EPA)  has  published  comprehensive  information  on  landfill 
site  design,  operation,  and  maintenance,  and  has  described  effective  means  for 
leachate  collection. ^  Current  and  anticipated  Array  regulations  regarding 
leachate  from  operating  and  abandoned  waste  disposal  sites  will  significantly 


See  for  example,  Handbook  for  Remedial  Action  at  Waste  Disposal  Sites,  EPA- 
625/6-82-006  (U.S.  Environmental  Protection  Agency  [EPA],  June  1982). 
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affect  major  command  (MACOM),  Installation,  and  Facility  Engineer  (FE)  pollu¬ 
tion  abatement  procedures,  and  associated  budgeting. 2 

But  one  area  of  concern  has  not  yet  been  addressed:  what  are  the  treat¬ 
ments  for  Army  leachates  of  varying  qualities  and  ages?  The  Office  of  the 
Chief  of  Engineers  asked  the  U.S.  Army  Construction  Engineering  Research 
Laboratory  (CERL)  to  examine  technologies  which  already  have  been  evaluated, 
or  which  show  potential  for  effective  and  economical  treatment  of  leachate. 


Objective 


The  overall  objectives  of  this  research  are  (1)  to  supply  Information 
allowing  FEs  at  DA  installations  both  to  recognize  potential  or  actual 
leachate  problems  and  to  gauge  the  magnitude  of  the  problems,  (2)  to  provide 
guidance  on  short-  and  long-term  remedial  actions  which  might  control  leachate 
formation  and  migration,  and  (3)  to  provide  information  to  installation,  FE, 
MACOM,  and  district  personnel  regarding  the  legal  ramifications  of  and  respon¬ 
sibilities  concerning  leachate  problems. 

The  objective  of  the  phase  of  the  study  reported  here  Is  to  provide  FEs 

(1)  an  overview  of  the  technologies  that  can  be  used  to  treat  leachate,  and 

(2)  guidance  on  choosing  and  designing  leachate  treatment  systems  that  will 
meet  the  Army's  needs. 


Approach 


An  extensive  literature  survey  identified  technologies  which  have  been 
used  to  treat  leachate,  or  have  shown  potential  for  treating  waste  with 
characteristics  similar  to  leachate.  Technologies  were  examined  in  terms  of 
their  operational  principles,  waste  treatment  capability,  major  design  and 
construction  parameters,  advantages  and  disadvantages,  and  estimated  costs. 

Particular  emphasis  was  given  to  lagoon  technology  because  it  has  low 
capital,  operation,  and  maintenance  costs,  and  it  is  a  form  of  biological 
treatment  which  has  shown  the  most  potential  for  treating  typical  Army 
leachates.  Existing  full-scale-operation  lagoons  currently  treating  leachate 
at  Barre,  MD,  Lowell,  MA,  and  Lycoming,  PA,  were  examined  for  operational 
characteristics.  An  experimental  field  test  was  performed  at  the  U.S.  Army 
Engineer  Waterways  Experiment  Station  to  develop  and  verify  design  parameters. 
Based  on  this  information,  design  guidance  was  developed  for  the  lagoon  treat¬ 
ment  of  landfill  leachates. 


^  See  for  example,  W.  J.  Mikucki  et  al . ,  Characteristics,  Control,  and  Treat¬ 
ment  of  Leachate  at  Military  Installations,  Interim  Report  N-97/ADA097935 
(U.S.  Army  Construction  Engineering  Research  Laboratory  [CERL],  1981);  En¬ 
vironmental  Protection  and  Enhancement,  Army  Regulation  (AR)  200-1  (Head¬ 
quarters  [HQ],  Department  of  the  Army  [DA],  January  20,  1978). 
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Mode  of  Technology  Transfer 

Information  developed  as  a  result  of  this  project  may  Impact  Army  Regula¬ 
tion  (AR)  420-47,  Solid  Waste  Management,  and  Technical  Manual  (TM)  5-634, 
Refuse  Collection  and  Disposal  (Repairs  and  Utilities). 


I 
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2  OVERVIEW 


Moisture  percolating  through  landfilled  refuse  carries  dissolved  organics 
and  potentially  toxic  heavy  metals  out  of  the  refuse.  This  landfill  seepage, 
or  leachate,  can  seriously  contaminate  surrounding  groundwater  or  surface 
water.  The  contamination  sometimes  has  been  so  severe  that  wells  near  land¬ 
fills  frequently  have  had  to  be  abandoned  as  sources  of  drinking  water,  and 
surface  waters  have  been  rendered  unfit  for  domestic  or  recreational  use. 
Typically,  leachate  pollution  is  not  discovered  until  fish  or  plant  kills 
occur  in  streams  or  lakes  next  to  a  landfill,  or  seeps  of  discolored  or 
odorous  water  are  found  near  the  fill.  The  most  permanent  and  costly  damage 
occurs  when  the  seepage  from  the  landfill  pollutes  aquifers  under  the  land¬ 
fill.  Damage  to  water  supply  wells  over  a  mile  from  a  landfill  has  been 
observed.-^  Remedial  action  is  usually  not  practical,  and  a  new  water  source 
often  must  be  provided. 

Major  cases  of  water  pollution  have  involved  unacceptable  changes  in 
water  color,  taste,  and  odor,  and  dangerous  levels  of  nitrate  or  heavy  metals. 
Although  undiluted  leachate  has  been  shown  to  be  toxic  to  the  bacteria  usually 
indicating  pollution  (fecal  and  nonfecal  coliforms),  other  microorganisms, 
which  may  include  pathogens,  thrive  in  landfill  leachate. ^  Leachate  contami¬ 
nation  of  groundwaters  can  cause  widespread  aesthetic,  toxicological,  and 
microbial  problems. 


Regulatory  Requirements 

Array  regulations  and  technical  manuals  recognize  the  problem  of  landfill 
leachate  production  but  do  not  generally  address  the  alternatives  for  remedial 
action  when  uncontrolled  landfill  drainage  is  detected. ^  Army  facilities  are 
directed  to  comply  with  all  Federal,  State,  and  locally  enforceable  regula¬ 
tions  and  standards  regarding  pollution  of  surface  water  or  groundwater  from 
solid  waste  disposal  facilities. 

Regulations  issued  under  the  RCRA  require  compliance  from  all  solid  waste 
facilities  discharging  to  surface  waters  (Section  257.3-3)  and  groundwaters 
(Section  257.3-4).  Facilities  discharging  as  point  sources  into  surface 
waters  must  meet  the  requirements  of  the  National  Pollutant  Discharge  Elimina¬ 
tion  System  (NPDES)  under  Section  402  of  the  Clean  Water  Act  of  1977.  A 
facility  discharging  as  a  nonpoint  source  must  follow  any  applicable  legal 
requirements  if  it  is  in  the  jurisdiction  of  any  areawide  or  statewide  water 
quality  management  plan  approved  under  Section  208  of  the  Clean  Water  Act. 
According  to  Federal  regulations  on  groundwater  (e.g.,  the  RCRA),  no  facility 


^  G.  A.  Garland  and  D.  C.  Mosher,  "Leachate  Effects  of  Improper  Land  Dispo¬ 
sal,"  Waste  Age  (March  1975). 

4  R.  D.  Cameron  and  E.  C.  McDonald,  "Coliforms  and  Municipal  Landfill 
Leachate,”  Journal,  Water  Pollution  Control  Federation  (Dec.  1977),  pp 
2504-2505. 

5  Sanitary  Landfill,  Technical  Manual  (TM)  5-814-5  (HQ,  DA,  1973);  Military 
Solid  Waste  Management,  NAVFAC  MO-213  (Department  of  the  Navy,  1978);  Sani- 
tary  Landfill,  ERIS  Bulletin  81-05,  TM  5-814-5  (U.S.  Army  Corps  of  En¬ 
gineers,  1981). 


may  contaminate  an  underground  drinking  water  source  beyond  the  solid  waste 
boundary.  If  the  State  has  an  EPA-approved  solid  waste  management  plan  under 
RCRA,  the  facility  may  negotiate  an  alternate  boundary.  The  maximum  contam¬ 
inant  levels  permitted  in  the  groundwater  correspond  to  the  values  allowed 
under  the  primary  and  secondary  drinking  water  standards  (Federal  Register, 

CFR  257.3-4,  Appendix  I).  Specific  guidance  on  the  applicable  Federal  regula¬ 
tions  is  available  from  the  EPA's  Office  of  Water  and  Waste  Management . ^ 

Local  environmental  or  health  agencies  must  be  contacted  for  specific  details 
on  State  or  county  requirements. 

Leachate  Characteristics  and  Composition 

The  major  constituents  of  sanitary  landfill  leachate  are  the  dissolved 
organic  fractions  giving  the  effluent  high  chemical  oxygen  demand  (COD), 
biochemical  oxygen  demand  (BOD),  and  total  organic  carbon  (TOC).  Table  1 
lists  the  values  of  parameters  for  leachates  produced  under  controlled  labora¬ 
tory  conditions  from  simulated  landfill  test  cells  and  provides  a  range  of 
values  from  an  actual  survey  of  23  leachates  from  fills  varying  in  age  from  1 
to  16  years.  COD  values  typically  run  from  3  to  10  percent  by  weight  of  the 
leachate.  Other  organic  and  nutrient  parameters  commonly  found  are  total 
volatile  acids  (TVA),  conductance,  alkalinity,  total  Kjeldahl  nitrogen,  and 
total  phosphates.  Ionic  materials  of  particular  importance  are  chloride,  sul¬ 
fate,  calcium,  magnesium,  iron,  sodium,  and  potassium.  Elevated  toxic  metal 
levels  were  noted  for  aluminum,  boron,  cadmium,  chromium,  manganese,  and  zinc. 

A  detailed  analysis  of  the  organic  and  nutrient  components  of  four 
leachates  studied  by  Chian  and  Dewalle  is  shown  in  Table  Note  the  large 

proportion  of  short-chain  carboxylic  acids  (two  to  six  carbons)  which  usually 
are  as  much  as  90  percent  of  the  total  organic  content.  The  even-numbered 
carbon  components  (acetic,  butyric,  and  caproic  acids)  make  up  the  majority. 
Almost  all  of  the  total  solids  (or  total  residue)  in  the  leachate  are  dis¬ 
solved  substances  (97.5  to  99.9  percent).  There  are  very  few  suspended 
solids.  Almost  all  of  the  nitrogen  is  in  the  form  of  ammonia  or  organic 
amines,  as  would  be  expected  from  the  leachate's  low  oxidation-reduction 
potential  (ORP). 

The  composition  of  landfill  leachates  varies  markedly  with  the  age  of  the 
landfill.  Therefore,  leachates  are  classified  by  the  age  of  the  landfill  from 
which  they  are  produced.®  Young  landfills  (generally  less  than  5  years  old) 
produce  leachate  with  COD  greater  than  20  000  mg/L,  pH  values  of  5.0  to  6.0, 
and  high  metal  and  anion  contents.  In  addition,  BOD  usually  accounts  for  over 

6  Classifying  Solid  Waste  Disposal  Facilities,  A  Guidance  Manual,  SW-828  (U.S. 
Environmental  Protection  Agency,  1980),  187  pp;  Remedial  Action  at  Waste 
Disposal  Sites  (Office  of  Emergency  and  Remedial  Response,  U.S.  Environmen¬ 
tal  Protection  Agency),  in  press. 

7  E.  S.  K.  Chian  and  F.  B.  DeWalle,  Evaluation  of  Leachate  Treatment;  Vol  I: 
Characterization  of  Leachate,  EPA-600/2-77-186a  (U.S.  Environmental  Protec¬ 
tion  Agency,  1977),  226  pp. 

®  E.S.K.  Chian  and  F.  B.  DeWalle,  "Sanitary  Landfill  Leachates  and  Their 
Treatment,"  Journal  of  the  Environmental  Engineering  Division,  Proceedings 
of  the  American  Society  of  Civil  Engineers,  Vol  102,  EE2  (1976),  pp  411-429; 
Evaluation,  Vol  TT7 


Table  1 


Composition  of  Leachates  From  Control  Test  Cells 
and  Actual  Landfills 


Control  Test 

Field 

Parameter* 

Cells** 

Samples* 

Age  (months) 

8-17 

12-193 

COD 

32  500-76  300 

40-89  520 

BOD 

13  000-25  500 

81-33  600 

TOC 

7000-12  000 

256-2800 

pH 

A. 35-5. 55 

3. 7-8. 5 

Total  volatile  acids 

38-12  000 

_ 

Specific  conductance 

6000-9800 

2810-16  800 

Alkalinity 

17SO-3820 

0-20  850 

Total  Kjeldahl  nitrogen 

711-902 

0-1106  (NH. 

Total  phosphorus 

13.6-39.2 

0-130 

Chloride 

867-1442 

4.7-2467 

Fluoride 

<0.01-2.12 

— 

Aluminum 

1.69-6.08 

— 

Arsenic 

<•001-0.045 

— 

Boron 

6.00-9.38 

— 

Beryllium 

<•005 

— 

Calcium 

655-1118 

60-7200 

Cadmium 

0.004-0.028 

0.03-17 

Chromium 

0.089-0.338 

— 

Copper 

0.004-0.030 

0-9.9 

Iron 

229-362 

0-2820 

Lead 

<0.001-0.082 

<0. 1-2.0 

Magnesium 

138-178 

17-15  600 

Manganese 

11.0-18.6 

0.09-125 

Sodium 

712-942 

60-7700 

Nickel 

0.268-0.482 

— 

Potassium 

357-615 

28-3770 

Selenium 

0.078-0.160 

— 

Zinc 

6.75-21.7 

0-370 

Mercury 

<0.0002-0.0030 

— 

Oxidation-reduction  potential 

(-450)-(-73) 

(-2  20) - (+163 ) 

*A11  values  In  mg/L  except  specific  conductance,  which  is  measured  as 
micromhos  per  centimeter  (pmho/cm)  pH  in  pH  units,  and  oxygen-reduction 
potential  in  millivolts  (mV) . 

**Leachate  from  quadruplicate  test  cells  containing  2  Cons  of  wet  municipal 
solid  waste  (T.  E.  Myers  et  al.,  "Stabilised  industrial  Haste  in  a 
Landfill  Environment,"  in  Disposal  of  Hazardous  Waste;  Proceedings  of 
6th  Annual  Research  Symposium.  EPA-600/9-80-010  [U.S.  Environmental 
Protection  Agency,  1980]). 

■f’Leachates  from  23  different  landfills  analyzed  by  E.S.K.  Chian  and 
F.B.  DeWalle,  Evaluation  of  Leachate  Treatment:  Vol.  I:  Characteri¬ 
zation  of  Leachate.  EPA-600/2-77-186e  (U.S.  Environmental  Protection 
Agency,  1977);  " — "  indicates  chat  data  are  not  available. 


Table  2 


Chemical  Characteristics  of  Nutrient  and  Organic  Fraction  of  Typical 
Leachate  Samples  (From  E.S.K.  Chian  and  F.  B.  DeWalle,  Evaluation 
of  Leachate  Treatment;  Vol  I:  Characterization  of  Leachate,  EPA-600/ 
2-77-186a  [U.S.  Environmental  Protection  Agency,  1977],  226  pp . ) 


Landfill  Leachate  Source 

(ag/L,  except 

as  indicated] 

Parameter 

University 
of  Illinois  at 
Urbana-Champaign 

Madison. 

W1 

Madison. 

WI 

Cincinnati , 
OH 

Age  of  landfill  (years) 

0.25 

0.33 

0.33 

2.3 

COD 

49  300 

1680 

16  580 

45  750 

TOC 

17  060 

27  700 

5906 

13  840 

BOD 

24  700 

57  000 

9960 

22  000 

Acetic  acid  (C2)* 

4370 

6690 

510 

1340 

Propionic  acid  (C3) 

1050 

3180 

255 

660 

Isobutyric  acid  (C4) 

570 

360 

31 

340 

Butyric  acid  (C4) 

5620 

9270 

480 

1700 

Isovaleric  acid  (C5) 

1220 

770 

40 

520 

Valeric  acid  (C5) 

960 

1260 

265 

460 

Caproic  acid  (C6) 

2400 

1920 

565 

1090 

Bicarbonate  alkalinity 

668 

459 

284 

175 

pH  (pH  units) 

5.63 

5.97 

5.59 

5.25 

Conductance  (umho/cm) 

13  700 

16  800 

5420 

9450 

ORP  (mV) 

-60 

-132 

-220 

— 

Suspended  solids 

139 

202 

192 

8.9 

Fixed  suspended  solids 

92.5 

167 

110 

7.5 

Total  solids 

33  989 

55  348 

7930 

32  145 

Fixed  solids 

15  586 

22  348 

3475 

13  603 

Org-nitrogen 

544.7 

94  5 

78.8 

31 

NH^-nitrogen 

392.6 

1028 

347.4 

247.7 

NOj-nitrogen 

0.5 

10.25 

4.25 

9.8 

NO^-nitrogen 

BDL** 

0.04 

0.04 

0.19 

Total  phosphorus 

21.5 

98 

85 

31.6 

Ortho- phosphorus 

6.5 

29 

85 

28 

SO, 

1110 

1558 

77 

090 

ci4 

1480 

2467 

474 

2096 

* Number  ot  carbons. 

**BDL  —  below  detection  limits. 
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half  of  the  COD,  and  the  ratio  of  COD  to  TOC  is  over  2.8.  In  medium-aged 
landfills  (5  to  10  years  old),  the  COD  is  lower  —  in  the  range  of  500  to 
10  000  mg/L.  Metal  and  anion  content  is  also  decreased.  BOD  is  between  10 
and  50  percent  of  the  COD,  and  the  ratio  of  C0D/T0 C  is  between  2  and  2.8.  Old 
or  stabilized  landfills  are  generally  over  10  years  old  and  have  low  CODs 
(less  than  500  mg/L),  which  consist  of  less  than  10  percent  BOD.  COD/TOC 
ratios  are  less  than  2.0.  These  numbers  vary  greatly,  depending  on  compaction 
of  the  refuse  and  climatic  conditions.  More  densely  compacted  waste  and 
refuse  landfilled  in  areas  of  high  temperature  and  precipitation  stabilize 
(decompose)  more  rapidly. ^ 

The  high  COD  and  BOD  levels  in  young  leachates  are  caused  primarily  by 
fatty  acids  of  low  molecular  weight  which  have  chain  lengths  of  two  to  six 
carbons  (Table  2).  This  component,  which  can  make  up  more  than  90  percent  of 
the  organic  content  of  the  leachate,  is  highly  volatile  and  is  rapidly  biode¬ 
graded  under  aerobic  and  anaerobic  conditions.  As  a  landfill  ages,  the  rela¬ 
tive  amount  of  these  short-chain  fatty  acids  rapidly  decreases,  and  a  second 
category  of  organic  substances  —  humic  carbohydrate-like  materials  of  high 
molecular  weight  —  become  an  important  fraction  of  the  organic  carbon  con¬ 
tent.  These  substances  are  nonvolatile  and  are  broken  down  biologically  at 
only  moderate  rates. 

The  organic  component  from  old,  stabilized  landfills  is  made  up  largely 
of  refractory  fulvic  acid-like  substances  which  are  only  slowly  degraded. 

Even  though  present  in  small  amounts  (generally  less  than  0.5  percent  of  the 
level  of  the  short-chain  fatty  acids  in  young  landfill  leachates),  their  per¬ 
sistence  in  the  environment  can  be  responsible  for  a  major  pollution  problem. 
The  biological  processes  taking  place  in  the  landfill  itself  apparently  are 
responsible  for  the  decrease  in  the  volatile  fatty  acid  component  of  the 
leachates  as  the  landfill  ages.  The  remaining  —  more  refractory  —  organ¬ 
ics,  although  present  in  much  lower  amounts,  are  much  less  amenable  to  biolog¬ 
ical  treatment  and  may  require  physical/cheraical  treatment  procedures  to  meet 
discharge  requirements. 


Estimation  of  Leachate  Composition  and  Production  Rates 


Rates  of  leachate  production  from  sanitary  landfills  must  be  estimated 
before  leachate  collection  and  treatment  systems  can  be  selected  and 
designed. Comprehensive  reports  on  the  use  of  water  budget, H  the  water 


®  R.  Stegmann  and  H.  J.  Ehrig,  "Operation  and  Design  of  Biological  Leachate 
Treatment  Plants,”  Prog.  Water  Tech.  (Toronto),  Vol  12  (1980),  pp  919-947 


^Pollution  Predicting  Technique  for  Waste  Disposal  Siting,  EPA-SW-162c  (U.S. 
Environmental  Protection  Agency,  1978),  440  pp;  D.  R.  Brunner,  "Forecasting 
Production  of  Landfill  Leachate,"  Municipal  Solid  Waste:  Land  Disposal, 
Proceedings,  5th  Annual  Research  Symposium,  EPA-600/9-79-023a  (U.S.  Envlron- 
mental  Protection  Agency,  1979),  pp  268-282. 

11-J.  R.  Mather  and  P.  A.  Rodriguez,  The  Use  of  the  Water  Budget  in  Evaluating 
Leachate  Through  Solid  Waste  Landfills,  tfPB  80-18088  (Office  of  Water 
Research  and  Technology,  U.S.  Department  of  Commerce,  1978),  39  pp. 
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balance  method, 12  an<j  hydrologic  modeling!!  provide  derailed  methods  of 
leachate  production-rate  estimation.  Although  leachate  quality  varies  over 
wide  ranges,  useful  leachate  strength  estimates  have  been  suggested  by  an 
extensive  study  of  many  landfills.!^*  Stegmann  and  Ehrig  found  that  the  most 
Important  factor  controlling  the  quality  of  leachate  production  from  landfills 
of  comparable  ages  was  the  density  of  the  implaced  refuse.  Leachates  from 
low-density,  compacted  landfills  usually  have  BODs  approximately  one-half 
(averaging  7500  rag/L)  those  of  high-density  refuse  (generally  around  15  000 
mg/L).  Amounts  of  leachate  being  produced  by  existing  unlined  landfills  can 
only  be  accurately  determined  by  field  data  at  the  actual  site  since  unknown 
losses  to,  and  mixing  with,  surface  water  and  groundwaters  can  change  esti¬ 
mates  of  leachate  quality  and  quantity  by  orders  of  magnitude. 


Minimizing  Leachate  Production 

Several  management  techniques  can  be  used  to  lessen  the  volume  of  land¬ 
fill  leachate  which  must  be  treated.  The  entry  of  surface  waters  into  the 
landfill  can  be  limited  by  sealing  the  surface  with  an  impervious  or  low  per¬ 
meability  cover  such  as  clay  or  plastic  membrane;  by  diverting  surface  waters 
or  using  contour  grading  to  encourage  runoff;  and  by  planting  vegetation  to 
increase  evapotranspiration  and  lessen  erosion  of  the  covering  materials. *5 
These  options  are  compared  in  Table  3.  For  every  gallon  of  water  kept  out  of 
the  fill,  one  less  gallon  of  leachate  must  be  treated. 

When  the  waste  mass  is  buried  below  the  water  table,  only  major  construc¬ 
tion  can  keep  out  groundwater.  The  expense  of  these  techniques  generally  res¬ 
tricts  their  use  to  the  most  critical  cases  of  pollution.  Possible  measures 
for  controlling  groundwater  are  diverting  or  blocking  its  flow  Into  the  land¬ 
fill  by  construction  of  clay  barriers  and  groundwater  underdrainage  systems 
(Figure  1),  by  installation  of  a  slurry  trench,  by  injection  of  a  grout  cur¬ 
tain,  or  by  installation  of  sheet-piling  up  the  groundwater  gradient  from  the 
landfill.  Bottom  sealing  of  an  existing  landfill  site  using  grout  injection 
wells  is  another  option,  but  it  is  expensive.  Active  pumping  of  groundwater 
to  control  the  water  table  below  a  site  has  been  used  temporarily  in  particu¬ 
larly  difficult  locations.  Pumping  is  only  suitable  in  emergencies  until  the 
wastes  can  be  destroyed  or  moved  to  a  secured  site. 16  Groundwater  control 
measures  are  summarized  in  Table  4,  and  some  leachate  plume  control  techniques 
are  listed  in  Table  5. 


g.  Fenn  et  al..  Use  of  Water  Balance  Method  for  Predicting  Leachate  Gen¬ 
eration  from  Solid  Waste  Disposal  Sites,  EPA-530/SW-168  (U.S.  Environmental 
Protection  Agency,  1975). 

1%.  R.  Perrier  and  A.  C.  Gibson,  Hydrological  Simulation  on  Solid  Waste 

Disposal  Sites,  SW-868  (U.S.  Environmental  Protection  Agency,  1980),  111  pp. 

l^R.  Stegmann  and  H.  J.  Ehrig. 

16r.  j.  button,  G.  L.  Regan,  and  L.  W.  Jones.  Design  and  Construction  of  Cov¬ 
ers  for  Solid  Waste  Landfills,  EPA-600/2-79-165  (U.S.  Environmental  Protec¬ 
tion  Agency,  1979),  249  pp. 

16 J .  Wardell  et  al.,  "Contamination  Control  at  Rocky  Mountain  Arsenal,  Denver, 
Colorado,"  in  Management  of  Uncontrolled  Hazardous  Waste  Sites  (Silver 
Springs,  MD:  Hazardous  Materials  Control  Research  Institute,  1981),  pp 
374-379. 
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Surface  Water  Control  Techniques  for  Municipal  Landfills 
(Adapted  from  J.  C.  S.  Lu,  et  al.,  "Leachate  Production  and  Management  From 
Municipal  Landfills:  Summary  and  Assessment,"  Land  Disposal :  Municipal 
Solid  Waste,  EPA-600-9/81-002a  [D.S.  Environmental  Protection  Agency,  1981],  pp  1-17.) 


Table  4 


Groundwater  Control  Measures  at  Municipal  Landfills 
(Adapted  from  J.  C.  S.  Lu  et  al.,  "Leachate  Production  and  Management 
From  Municipal  Landfills:  Summary  and  Assessment,"  in  Land  Disposal: 
Municipal  Solid  Waste.  EPA-600-9/81-002a  [U.S.  Environmental  Protec¬ 
tion  Agency,  1981],  p 1-17.) 


Control 

Technique  OgCigug  Site  Conditions  Limitation*  Coats 


Artificial  Groundwater  near  the  Requires  Installation  before  $1.00  to  $5.00  per 

liner  refuse/soil  Interface,  landfilling.  Expected  life  Installed  aq  yd. 

Underlying  soils  have  a  not  established-  Rising 
moderately  rapid  to  very  groundwater  may  cause  rupture 
rapid  permeability  1.4  x  of  the  liner.  Hay  be  dasiaged 
cm/sec  to  >1.4  x  during  landfilling  activities. 

10  cra/sec.  Once  Installed,  extremely 

difficult  to  repair. 


Bottom  Same  as  for  artificial 

sealer  liner,  and  when 

detailed  Information 
about  the  soil 
Is  avaP«ble. 


Detailed  understanding  of  $1.20  to  $2.00  per 

soil  properties  Is  required.  lrstalled  sq  yd. 
Only  practical  before 
landfilling . 


Slurry 

trench 


Groundwater  and  bedrock 

Costs  of  shipping  bentonite. 

$294  to  $495  per 

near  the  surface. 

Excavation  difficult  due 

Installed  linear  foot 

Other  conditions  similar 

to  soli  conditions. 

to  those  for  an 

Bentonite  nay  deteriorate 

artificial  liner. 

«hen  exposed  to  high  strength 
leachate . 

Grout 

curtain 


Same  as  for  an  artificial  Considered  effective  In  soils 
liner;  bedrock  near  with  permeabilities  >10“5 

the  surface.  ca/sec.  Costs  may  be 

prohibitive  for  large- 
scale  use.  Difficult 
to  assess  the  Integrity 
of  the  seal. 


$142  to  $357  per 
Installed  cu  yd. 


Sheet  Same  as  for  grout 

piling  curtain, 

cutoff 
wa  1 1 


Corrosion  potential  is  high, 
and  problems  with  driving 
the  sheet  through  rocky  soils 
are  common.  Ability  to 
maintain  Integrity  of  the 
piling  l 8  questionable. 


$382  to  $562  per 
installed  linear 


foot 
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Leachate  Plume  Control  Techniques 

(Adapted  from  J.  C.  S.  Lu  et  al. ,  "Leachate  Production  and  Management  From 
Municipal  Landfills:  Summary  and  Assessment,"  in  Land  Disposal:  Municipal 
Solid  Waste,  EPA-600-9/81-002a  [u.S.  Environmental  Protection  Agency,  1981],  p  1-17. 


UNDERDRAW  AND  CHANNEL  CROSS  SECTION 


Leachate  Collection 


Adequate  liners  and  facilities  for  leachate  collection  and  monitoring 
must  be  provided  at  landfills  now  being  developed  where  leaching  is  probable. 
However,  existing  landfills  seldom  have  such  facilities;  remedial  collection 
methods  must  be  developed  for  each  site.  Commonly  installed  leachate  collec¬ 
tion  systems  include  interceptor  trenches,  toe  drains,  and  collection  wells. 
Collection  of  leachate  before  it  is  diluted  by  mixing  with  groundwater  or  sur¬ 
face  water  makes  treatment  much  easier,  but  is  not  always  possible. 


Nontreatment  Options 

Dilution  and  Attenuation 

No  bottom  control  or  leachate  collection  and  treatment  is  necessary  in 
two  cases:  when  the  groundwater  cannot  be  used  as  a  drinking  water  or  domes¬ 
tic  supply  source  and  therefore  does  not  need  to  be  protected;  and  when  the 


^For  information  on  design  and  installation  of  remedial  collection  systems 
refer  to  Remedial  Action  at  Waste  Disposal  Sites;  A.  Metry  and  F.  L.  Cross, 
Leachate  Control  and  Treatment;  Vol  7:  Environmental  Monograph  Service, 
Westport,  CT  (Technoraic  Publ.  Co.,  1975),  58  pp. 
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site's  hydrogeologic  conditions  reduce  the  leachate's  impact  on  the  underlying 
groundwater . Thus,  the  pollutants  are  attenuated  in  naturally  occurring 
soli  layers,  and  the  leachate  In  the  natural  aquifer  la  so  dilute  that  It 
presents  no  problems.  Any  factors  which  reduce  the  rate  of  infiltration  Into 
the  landfill  also  increase  the  chances  that  a  nontreatment  option  might  be 
possible.  Facilities  should  consider  relying  on  soil  attenuation  mechanisms 
if,  given  the  soil  conditions,  it  can  be  shown  that  the  leachate  will  not  be  a 
threat  to  the  environment  nor  to  human  health. 

Extensive  studies  have  been  done  on  soil  minerals'  attenuation  of  consti¬ 
tuents  of  landfill  leachates.^  In  general,  soils  may  adsorb  low  concentra¬ 
tions  of  some  heavy  metals,  but  have  little  or  no  effect  on  the  high  levels  of 
organic  materials  or  soluble  salts  such  as  chlorides  or  sulfates.  Dilution 
and  attenuation  appear  to  be  useful  options  only  in  exceptional  circumstances. 
Thus,  leachate  collection  and  treatment  will  probably  become  a  legal  require¬ 
ment  for  landfills. 

Transport  to  Municipal  Sewage  Treatment  Plants 

Adding  leachate  to  a  municipal  sewage  treatment  plant  stream  is  fre¬ 
quently  the  most  economical  solution  to  landfill  leachate  problems. 20  Sewage 
treatment  plants  can  accept  up  to  2  to  5  percent  by  volume  of  high  strength 
leachate  without  adverse  effects. 21  Although  the  treatment  fees  can  be  signi¬ 
ficant,  the  reduction  of  the  need  for  onsite  personnel  or  onsite  treatment 
facilities  makes  use  of  municipal  sewage  treatment  facilities  an  attractive 
option.  Often  the  largest  part  of  the  cost  is  transporting  the  leachates  to 
the  treatment  plant  if  no  sewage  lines  are  near  the  fill.  In  some  cases, 
high-strength  leachates  are  being  transported  long  distances  in  tank  trucks. 22 
Convincing  treatment  plant  authorities  to  accept  leachates  into  their  influent 
is  becoming  less  difficult  as  this  practice  grows  more  common  and  experience 
with  treating  landfill  leachates  becomes  more  widespread. 


1%.  A.  Landon,  "Utilization  of  a  Mixing  Zone  for  Leachate  Management,"  Land 
Application  of  Residual  Materials,  American  Society  of  Civil  Engineers 
(1979),  pp  90-103;  W.  A.  Pettyjohn  et  al.,  "Predicting  Mixing  of  Leachate 
Plumes  in  Groundwater,"  in  Land  Disposal  of  Hazardous  Waste,  EPA-600/9-82- 
002  (U.S.  Environmental  Protection  Agency,  1982),  549  pp. 

19p.  m.  Malone  and  L.  W.  Jones,  Chemical  and  Physical  Effects  of  Municipal 
Landfills  on  Underlying  Soils  ITnd  Groundwater,  EPA-600/2-78-096  (U.S.  En- 
vironmental  Protection  Agency,  1978),  154  pp;  R.  A.  Griffin  and  N.  F.  Shimp, 
Attenuation  of  Pollutants  in  Municipal  Landfill  Leachate  by  Clay  Minerals, 
EPA-600/2-78-157  (U.S.  Environmental  Protection  Agency,  1978),  157  pp;  W.  H. 
Fuller,  Investigation  of  Landfill  Leachate  Pollution  Attenuation  by  Soils, 
EPA-600/ 2-78-1 58  (U.S.  Environmental  Protection  Agency,  1978),  239  pp. 

2®M.  P.  Scott,  "Leachate  Treatment  Options,"  Solid  Waste  Management  (December 
1981),  pp  18-24. 

2 ^Estimating  Waste  Treatment  Costs,  Vol  3;  Cost  Curves  Applicable  to  2,500 
gpd  to  1.0  mgd  Treatment  Plants,  EPA-600/2-79-162c  (U.S.  Environmental  Pro- 
tection  Agency,  Municipal  Environmental  Research  Laboratory,  1979);  E.  S.  K. 
Chian  and  F.  B.  DeWalle,  Vol  II;  M.  D.  Cummins,  "Effect  of  Sanitary  Landfill 
Leachate  on  the  Activated  Sludge  Process,"  Land  Disposal:  Municipal  Solid 
Waste,  Proceedings  of  7th  Research  Symposium,  EPA-600/ 9-81-002a  (U.S.  En¬ 
vironmental  Protection  Agency,  1981),  pp  170-178. 

22M.  P.  S^ott. 
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3  AVAILABLE  TREATMENT  OPTIONS 


Development  of  treatment  options  for  landfill  leachates  has  been  based 
largely  on  sewage  treatment  technology.  This  chapter  summarizes  sewage  treat¬ 
ment  unit  operations  which  have  been  suggested  or  tested  for  treatment  of 
landfill  leachate.  These  options  are  broken  into  categories  based  on  whether 
they  are  largely  phys ical/cheraical  or  biological.  Each  treatment  option  is 
discussed  in  terms  of  its  applicability  to  various  waste  types  and  strengths, 
major  design  and  construction  parameters,  advantages  and  disadvantages,  and 
estimated  costs. 

The  cost  estimates  in  this  chapter  have  been  adapted  from  several  sources 
(see  the  appendix).  Most  costs  are  1976  figures  from  recent  EPA  publica¬ 
tions.^ 


Physical/Chemical  Treatment  Options 


In  the  treatment  of  wastewater,  physical/chemical  unit  processes  change 
the  waste  stream  by  application  of  physical  forces  or  by  chemical  reaction. 
Physical  unit  processes  are  generally  subtractive,  in  that  there  are  fewer 
dissolved  constituents  after  treatment  than  before.  Chemical  unit  processes, 
on  the  other  hand,  are  additive  --  i.e.,  in  most  cases,  something  is  added  to 
remove  something  else.  As  a  result,  chemical  unit  processes  produce  a  net 
increase  of  dissolved  constituents  in  wastewater.  For  example,  when  chemicals 
are  added  to  improve  removal  efficiency,  the  total  dissolved  solids  (TDS)  con¬ 
centration  is  always  increased.  Another  disadvantage  of  chemical  unit 
processes  is  that  generally  they  are  expensive. 

Table  6  describes  phys ical/cheraical  unit  processes  which  are  being  inves¬ 
tigated  or  have  been  suggested  for  use  in  leachate  treatment  systems.  The 
table  is  not  all-inclusive  and  is  directed  specifically  toward  treatment  of 
landfill  leachates.  Each  option  in  the  table  is  discussed  in  more  detail 
below. 

Ammonia  Stripping 

Ammonia  stripping  is  a  mass  transfer  operation  in  which  pH  of  the  waste 
material  is  adjusted  by  base  addition,  and  the  solution  aerated  to  free  it  of 
ammonia  gas.  At  pH  1?,  all  ammonia  in  solution  exists  as  free  ammonia,  as 
shown  in  the  equation  below: 


+  (OH)- 

nh;  v  nh3  +  h2o  [e<i  i] 

4 - >  * 


The  free  ammonia  gas  is  stripped  from  the  solution  by  aeration  or  spraying. 

Ammonia  stripping  should  be  used  on  any  leachate  that  has  ammonia  in  con¬ 
centrations  high  enough  to  be  toxic  to  biomass  in  subsequent  biological 


^Estimating  Waste  Treatment  Costs,  Vol  3;  Remedial  Action  at  Wa9te  Disposal 
Sites,  in  press. 


Summary  of  Physical/Chemical  Leachate  Treatment  Processes 
(Adapted  from  B.  G.  Liptak,  ed . ,  Environmental  Engineer's  Handbook,  Vol  I:  Water  Pollution 
[Chilton  Book  Co.,  1974];  Selected  Biodegradation  Techniques  for  Treatment  and 
Ultimate  Disposal  of  Organic  Materials,  EPA-600/2-79-006  [ U • S -  Environmental  Protection 
Agency,  1979];  D.  H.  De  Renzo,  Unit  Operations  for  Treatment  of  Hazardous  Industrial 


treatment.  Leachate  from  municipal  refuse  can  have  widely  varying  ammonia 
concentrations.  A  range  of  2  mg/L  to  about  1000  mg/L  has  been  reported  for 
leachate  from  13  municipal  fills. 24  Consideration  should  also  be  given  to 
diluting  the  leachate  to  reduce  BOD  levels  before  biological  treatment;  this 
may  reduce  the  toxicity  of  both  ammonia  and  high  BOD  concentration,  and  may 
make  ammonia  stripping  unnecessary .25 

Ammonia  stripping  can  be  done  either  in  a  stripping  lagoon  or  in  a  packed 
column  (Figures  2  and  3).  The  major  factors  affecting  performance  and  design 
include  pH,  temperature,  air  flow,  hydraulic  loading,  and  tower  packing  depth 
and  spacing.  Cost  and  performance  are  relatively  independent  of  influent 
ammonia  concentrations . 26  The  pH  must  be  raised  so  that  all  or  nearly  all 
ammonia  is  converted  to  gas.  The  pH  for  efficient  operations  varies  from 
about  10.8  to  11.5.  When  lime  precipitation  is  part  of  a  treatment  scheme, 
ammonia  stripping  should  be  done  after  lime  precipitation  to  take  advantage  of 
the  high  pH  in  the  clarifier  effluent.  As  the  water  temperature  decreases, 
removing  ammonia  by  stripping  becomes  more  difficult.  The  amount  of  air  per 
gallon  must  be  increased  to  maintain  removal  as  temperature  decreases.  The 
best  hydraulic  load  for  a  packed  tower  is  about  1  to  2  gpm/sq  ft.  Air  flow 
rates  for  packed  towers  should  be  300  to  500  cu  ft/gal  for  90  to  95  percent 
removal.  When  ammonia  concentrations  are  high  (over  100  mg/L),  it  may  be 
attractive  both  economically  and  environmentally  to  recover  the  ammonia  in  an 
adsorption  tower.  With  good  countercurrent  contact,  90  to  95  percent  of  the 
ammonia  can  be  transferred  to  the  absorption  solution. 

Ammonia  stripping  is  advantageous  because  it  can  reduce  ammonia  to  levels 
that  are  not  toxic  to  biomass  in  biological  treatment.  In  addition,  the  pro¬ 
cess  is  relatively  independent  of  ammonia  concentration. 

Disadvantages  include  its  high  cost  to  operate  at  temperatures  below 
freezing;  its  sensitivity  to  pH,  temperature,  and  fluxes  in  hydraulic  load; 
and  its  release  of  ammonia  to  the  air,  which  may  create  an  environmental  prob¬ 
lem  unless  the  ammonia  is  recovered. 

Construction  costs  for  a  stripping  tower  are  moderate.  Table  7  gives  the 
cost  for  constructing,  operating,  and  maintaining  a  packed  tower.  The  table 
Includes  engineering,  legal,  fiscal,  and  finance  costs  during  construction, 
but  excludes  the  cost  of  pH  adjustment.  (Costs  are  based  on  1  gpm/sq  ft  of 
column  packing  of  24-ft  depth.) 

Carbon  Adsorption 

Carbon  adsorption  Involves  contacting  a  waste  stream  with  carbon,  which 
selectively  adsorbs  hazardous  materials  by  physical  or  chemical  forces.  When 
carbon  reaches  its  ultimate  capacity  for  adsorption  —  that  is,  when  rate  of 
adsorption  and  desorption  are  equal  —  the  carbon  is  removed  for  disposal, 
destruction,  or  regeneration. 


24E.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  II. 

25E.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  II. 

26r.  l.  Culp  et  al.,  Handbook  of  Advanced  Wastewater  Treatment  (Van  Nostrand 
Reinhold  Co.,  1978). 
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Figure  2.  Ammonia  stripping  lagoon.  (From  R.  L.  Culp  et  al.,  Handbook, 
of  Advanced  Wastewater  Treatment  fVan  Nostrand  Reinhold 
Co.,  1978].) 


|  AIR  OUTLET 


COUNTERCURRENT  TOWER 

Figure  3.  Ammonia  stripping  tower.  (From  R.  L.  Culp  et  al.,  Handbook 
of  Advanced  Wastewater  Treatment  [Van  Nostrand  Reinhold 
Co.,  1978].) 
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Table  7 


Capital  and  Operating  and  Maintenance  Costs  (1976)  of  Amonia 
Stripping  in  24-ft  Tower,  Excluding  pH  Adjustment 


Flow, 

Construction 
Cost,  $ 

Operation  and 
Maintenance  Cost 

0.01 

4.800 

2,200 

0.1 

37,000 

5,500 

0.3 

100,000 

8,000 

0.6 

180,000 

11,000 

1.0 

300,000 

14,500 

The  suitability  of  carbon  adsorption  for  treating  wastewater  from  dispo¬ 
sal  sites  depends  on  the  influent  characteristics,  the  extent  of  pretreatment, 
and  the  required  effluent  quality.  The  highest  concentration  of  solute  in  the 
influent  stream  that  has  been  treated  on  a  continuous  basis  is  10,000  ppm  TOC, 
which  is  now  considered  the  upper  limit  for  the  process. 2? 

Concentrations  of  oil  and  grease  in  the  influent  should  be  limited  to  10 
ppm.  Concentrations  of  suspended  solids  should  be  less  than  50  ppm  in  upflow 
systems;  downflow  systems  can  handle  concentrations  as  high  as  2000  ppm, 
although  backwashing  is  required.  Removal  of  inorganics  by  carbon  generally 
requires  concentrations  of  less  than  1000  ppm,  and  preferably  less  than  500 

ppm. 28 

The  use  of  activated  carbon  to  remove  certain  solutes  depends  on  their 
molecular  weight,  structure,  and  solubility.  The  effects  of  organics'  molecu¬ 
lar  structure  and  other  properties  on  their  absorbability  is  summarized 

below. 29 


2?d.  H.  De  Renzo,  Unit  Operations  for  Treatment  of  Hazardous  Industrial  Wastes 
(Noyes  Data  Corp.,  1978). 

2®D.  H.  De  Renzo. 

29nardam  Azad,  ed..  Industrial  Wastewater  Management  Handbook  (McGraw-Hill, 
1976). 
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1.  Aromatic  compounds  are  generally  more  adsorbable  than  aliphatic  com¬ 
pounds  of  similar  molecular  size. 

2.  Branched  chains  are  usually  more  adsorbable  than  straight  chains. 

3.  Substituent  groups  affect  adsorbability : 


Substituent  group 


Nature  of  influence 


Hydroxyl  Generally  reduces  adsorbability;  extent  of 

decrease  depends  on  structure  of  host  molecule. 

Amino  Effect  similar  to  that  of  hydroxyl  but  somewhat 

greater.  Many  amino  acids  are  not  adsorbed 
appreciably . 

Carbonyl  Effect  varies  according  to  host  molecule; 

glyoxylic  acid  more  adsorbable  than  acetic,  but 
similar  increase  does  not  occur  when  introduced 
into  higher  fatty  acids. 

Double  bonds  Variable  effect. 

Halogens  Variable  effect. 

Sulfonic  Usually  decreases  adsorbability. 

Nitro  Often  Increases  adsorbability. 


4.  An  increasing  solubility  of  the  solute  in  the  liquid  carrier 
decreases  its  adsorbability. 


5.  Generally,  strongly  ionized  solutions  are  not  as  adsorbable  as  weakly 
ionized  ones;  i.e.,  undissociated  molecules  are,  in  general,  preferentially 
adsorbed . 


6.  The  amount  of  hydrolytic  adsorption  depends  on  the  capability  of  the 
hydrolysis  to  form  an  adsorbable  acid  or  base. 


7.  Unless  the  screening  action  of  the  carbon  pores  Intervenes,  large 
molecules  are  more  sorbable  than  small  molecules  of  similar  chemical  nature. 
This  is  attributed  to  more  solute/carbon  chemical  bonds  being  formed,  making 
desorption  more  difficult. 


Activated  carbon  effectively  removes  a  variety  of  chlorinated  hydrocar¬ 
bons,  organic  phosphorus,  carbonates,  polychlorinated  biphenyls  (PCBs), 
phenols,  and  benzenes.  Specific  hazardous  organics  that  are  effectively 
removed  include  aldrin,  dieldrln,  endrin,  DDD,  DDE,  DDT,  and  toxaphene.^O  The 
activated  carbon's  potential  to  remove  selected  inorganic  ions  is  shown  in 
Table  8.  Activated  carbon  treatment  has  not  been  shown  suitable  for  treating 
leachates  from  young  municipal  landfills;  carbon  shows  poor  adsorption  capa¬ 
city  for  fatty  acids,  which  are  prevalent  in  municipal  landfill  leachate. 
Carbon  adsorption  is  generally  not  effective  for  wastes  with  high  BOD/COD  and 
COD/TOC  ratios. 31 


Critical  design  criteria  are  organic  load,  hydraulic  load,  contacting 
method,  contact  time,  and  regeneration  requirements.  The  approximate  carbon 

.  L.  Culp  et  al. 

31e.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  II. 


Table  8 


Inorganic  Removal  Potential  of  Activated  Carbon 
(Adapted  from  R.  L.  Culp  et  al..  Handbook  of  Advanced  Waatewater 
Treatment  [New  York,  New  York:  Van  Nostrand  Reinhold  Co.,  1978].) 


Constituent 

Sorption 

Potential 

Potential  for  Removal 
by  Activated  Carbon 

Antimony 

Arsenic 

Very  good 
Very  good 

Highly  sorbable  in  some  solutions 

Good  removal  in  higher  oxidation  states 

Barium 

Beryllium 

Poor 

Unknown 

Very  low 

Unknown 

Cadmium 

Chromium 

Poor 

Very  good 

Slight 

Good,  easily  reduced 

Cobalt 

Copper 

Good 

Poor 

Trace  amounts  readily  sorbed 

Slight,  unless  complexed 

Iron 

Lead 

Fair 

Fair 

Ferric  good,  ferrous  poor 

Good 

Manganese 

Mercury 

Unknown 

Good 

Perhaps  as  Mn(>4 

Metal  filtered  out,  organic  forms 
good 

Molybdenum 

Nickel 

Poor 

Fair 

Slight  at  pH  6  to  8,  good  if  complexed 
Fair 

Selenium 

Silver 

Poor 

Good 

Slight 

Reduced  on  carbon  surface 

Tin 

Titanium 

Good 

Fair/ good 

Very  high 

Good 

Tungsten 

Zinc 

Poor 

Poor 

Slight 

Slight 

Phosphate 

Not  sorbed  but  may  precipitate 

Chlorine, 

Chloride, 

bromine 

bromide 

Strongly  sorbed  and  reduced 

Not  appreciably  sorbed 
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requirements  for  a  specific  organic  load,  and  the  residual  organic  levels  can 
be  estimated  from  adsorption  removal  kinetics  conducted  on  a  batch  basis.  An 
isotherm  can  be  used  as  a  functional  expression  for  variation  of  adsorption 
with  concentration  of  adsorbate  bulk  solution.  The  isotherm  is  expressed  in 
terms  of  removal  of  impurity  (i.e.,  BOD,  COD,  or  color). 

-  «  (KC) [Eq  2] 
M 


where:  X  «  impurity  adsorbed 

M  =  weight  of  carbon  required 
C  «  equilibrium  concentration  of  impurity 
K,n  =  constants. 

Isotherms  are  a  useful  approximation  of  treatability,  but  generally  give  a 
falsely  high  estimate  of  continuous  carbon  performance. 

Waste  streams  can  be  contacted  in  four  basic  ways.  The  method  chosen 
depends  on  influent  characteristics,  effluent  criteria,  flow  rate,  and  econom¬ 
ics.  Table  9  summarizes  these  methods,  which  are  illustrated  in  Figure  4. 


DOWN  FLOW  IN  PARALLEL 


OUT 


DOWN  FLOW  IN  SERIES 


IN 


OUT 


MOVING  BED 


UPFLOW-EXPANDED  IN  SERIES 


OUT 


Figure  4.  Most  common  configuration  of  activated  carbon  absorber  systems. 


Table  9 


Summary  of  Activated  Carbon  Contacting  Methods 
(Adapted  from  D.  H.  De  Renzo,  Unit  Operations  for  Treatment  of  Hazardous 
Industrial  Wastes  [Park  Ridge,  NJ :  Noyes  Data  Corporation,  1978].) 


Absorber  Configuration 


Comments 


Downflow  adsorbers 
In  parallel 


Downflow  adsorbers 
in  series 


Moving  bed 


Upf low-expanded 
in  series 


For  high  volume  applications 

Can  handle  higher  than  average  suspended 
solids  (~  65  to  70  ppm) 

Relatively  low  capital  costs 

Effluents  from  several  columns  blended, 
therefore  less  suitable  where  effluent 
limitations  are  low 

2  to  10  gpm/sq  ft  flow  rate 

Large  volume  systems 

Countercurrent  carbon  use 

Effluent  concentrations  relatively  low 

Can  handle  higher  than  average  suspended 
solids  (~  65  to  70  ppm)  if  downflow 

Capital  costs  higher  than  for  parallel 
systems 

2  to  10  gpm/sq  ft  flow  rate 

Countercurrent  carbon  use  (most 
efficient  use  of  carbon) 

Suspended  solids  must  be  low  (<10  ppm) 

Capital  and  operating  cost  relatively  high 

Can  use  such  beds  in  parallel  or  series 

2  to  7  gpm/sq  ft  flow  rate 

Countercurrent  carbon  use  (if  in  series) 

Can  handle  high  suspended  solids  (they 
are  allowed  to  pass  through) 

High  flows  in  bed  (~  15  gpm/sq  ft) 

Minimum  pretreatment 

Minimum  head  loss 


Upflow  beds  have  the  following  advantages  over  downflow  beds;  they  more 
closely  approach  continuous  countercurrent  contact  operations,  which  results 
In  minimal  use  of  carbon;  they  can  be  designed  to  allow  removal  of  spent  car¬ 
bon  and  addition  of  fresh  carbon  while  the  columns  remain  in  operation.  How¬ 
ever,  downflow  beds  can  handle  higher  suspended  solids  concentrations , 
although  frequent  backwashing  may  be  needed. 

Typical  operating  parameters  for  carbon  adsorption  systems  are  summarized 
in  Table  10.  The  parameters  are  based  on  system  operations  for  physical/ 
chemical  and  tertiary  treatment  systems. 

The  decision  about  whether  to  regenerate  and  reuse  granular  carbon  or  to 
use  it  once  depends  primarily  on  economics.  For  plants  requiring  less  than 
200  Ib/day  of  carbon  (less  than  approximately  0.8  mgd  flow  rate),  regeneration 
is  probably  not  economical.  Most  leachate  treatment  facilities  will  fall 
within  this  range.  Use  of  electric  furnaces,  rather  than  multiple  hearth  fur¬ 
naces,  may  make  it  possible  to  regenerate  activated  carbon  economically  for 
plants  using  less  than  200  lb/day.32  Regeneration  needs  can  be  determined  on 
the  basis  of  COD  adsorbed  per  pound  of  carbon,  or  required  carbon  dosage  in 
terms  of  total  flow. 

Advantages  of  activated  carbon  over  other  treatment  options  are:  (1) 
flexible  operation  and  design;  (2)  suitable  for  treatment  of  a  wide  range  of 
organics  that  do  not  respond  to  biological  treatment;  (3)  high  adsorption 
potential  for  some  highly  toxic  inorganics  (i.e.,  Cr,  CN);  and  (4)  tolerant  of 
fluctuations  in  concentrations  and  flow.  The  following  are  major  disadvan¬ 
tages  of  activated  carbon:  (1)  it  is  intolerant  of  high  suspended  solids  lev¬ 
els,  (2)  it  requires  pretreatment  for  oil  and  grease  removal  when  concentra¬ 
tions  are  greater  than  10  ppm;  (3)  it  is  unsuitable  for  removing  low  molecular 
weight  organics  and  highly  soluble  or  highly  ionized  organics;  (4)  it  is  lim¬ 
ited  in  practice  to  wastes  with  less  than  10,000  ppm  organics;  and  (5)  it  has 
high  operation  and  maintenance  costs. 

Costs  of  tertiary  granular  activated  carbon  absorption  are  estimated  in 
Table  11.  The  construction  costs  include  vessels,  media,  pumps,  carbon 
storage  tanks,  controls,  and  an  operations  building.  The  loading  rate  is  30 
lb/Mgal;  contact  time  is  30  minutes.  Disposal  costs  of  spent  carbon  are  not 
included.  Operation  and  maintenance  costs  include  pumping,  labor,  and  mainte¬ 
nance.  No  regeneration  is  included. 

Chemical  Oxidation  (Chlorination) 

Chlorine  is  widely  used  in  wastewater  treatment  for  disinfection,  odor 
control,  and  BOD  reduction.  It  combines  with  water  to  form  hypochlorous  acid 
which,  in  turn,  can  ionize  to  the  hypochlorite  ion. 

pH  8 

Cl2  +H20 - >  HC1  +  HOC l  _ IT*"  +  (0C1)~  1E<1  31 

pH  7 


3^R.  L.  Culp,  et  al . 
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Table  10 


Typical  Operating  Parameters  for  Carbon  Adsorption  Equipment 
(Adapted  from  B.  G.  Liptak,  ed . ,  Environmental  Engineer's  Handbook,  Vol  I: 
Water  Pollution  [Chilton  Book  C.,  1974];  R.  L.  Culp  et  al . ,  Handbook  of 
Advanced  Wastewater  Treatment  [Van  Nostrand  Reinhold  Co.,  1978];  D.  H.  De  Renzo, 
Unit  Operations  for  Treatment  of  Hazardous  Industrial  Wastes  [Noyes  Data 
Corp.,  1978] ;  Innovative  and  Alternative  Technology  Assessment  Manual, 
EPA-430/9-78/009  [U.S.  Environmental  Protection  Agency,  1978].) 


Parameter  _ Requirements* _ 

Contact  time  Generally  10  to  50  minutes  ; 

may  be  as  high  as  2  hours 
for  some  industrial  wastes 


Hydraulic  load  2  to  15  gpm/sq  ft  of  bed  area 

depending  on  type  of 
contact  system 


Backwash  rate 


Rates  of  20  to  30  gpm/sq  ft 
usually  produce  25  to  50 
percent  bed  expansion 


Carbon  loss 
during 
regeneration 


4  to  9  percent 
2  to  10  percent 


Material  removed  per  0.2  to  0.8 

unit  weight  of 
carbon  (wt/wt) 


Carbon  requirements: 
Primary  plant 
Tertiary  plant 


Bed  depth 


500  to  1800  lb/106  gal 
200  to  500  lb/106  gal 

10  to  30  ft 
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Table  11 


Estimated  Cost  for  Tertiary  Activated  Carbon  Leachate  Treatment 


Flow,  Construction  Operation  and 

mgd  Cost,  $K  Maintenance  Cost,  $K 


0.1 

80 

26 

0.3 

170 

52 

0.6 

280 

85 

1.0 

400 

120 

The  disinfection  potential  is  related  to  the  strong  oxidizing  properties 
of  hypochlorous  acid  (H0C1)  and  to  a  lesser  extent,  the  hypochlorite  ion 
(0C1).  The  effectiveness  of  wastewater  chlorination  depends  on  pH,  tempera¬ 
ture,  time  of  contact,  degree  of  mixing,  and  presence  of  interfering  sub¬ 
stances.^  The  extent  to  which  hypochlorous  acid  ionizes  to  form  the  weak 
oxidizing  hypochlorite  ion  depends  on  pH  and  temperature.  At  values  more 
basic  than  pH  7.5,  the  less  effective  hypochlorite  ion  is  the  prevalent 
species  in  aqueous  solutions.  Since  hypochlorous  acid  is  a  more  powerful  oxi¬ 
dant,  a  pH  of  less  than  7.5  should  be  maintained.  The  rate  of  bacterial  kill 
increases  with  the  time  of  exposure  to  chlorine.  A  detention  time  of  15  to  30 
minutes  is  generally  required  in  a  baffled,  closed  tank  system. 34  Complete 
and  uniform  mixing  of  chlorine  with  wastewater  is  important  to  disinfection. 
Any  shortcuts  will  decrease  the  process'  efficiency;  therefore,  tank  shape 
mixing  and  proper  baffling  are  critical. 35  Rapid  initial  mixing  may  be 
Important;  the  residuals  formed  first  are  apparently  more  bactericidal  than 
compounds  formed  later. 

Chlorine  reacts  readily  with  ammonia  in  water  to  form  chloramines,  which 
are  much  less  effective  oxidizing  agents.  Chlorine  also  oxidizes  ferrous 
iron,  sulfides,  and  nitrates.  The  presence  of  these  species  increases  the 
chlorine  demand  (i.e.,  the  amount  of  chlorine  that  will  combine  with  various 


-^B.  G.  Liptak. 

3^B.  G.  Liptak. 

35r.  i„.  Culp  et  al . 


chemicals  before  it  begins  to  appear  as  free  chlorine  residual)  and  increases 
the  required  dosage. 3^ 

The  size  of  the  chlorinator  is  based  on  the  water's  chlorine  demand  and 
flow  rate.  Typical  chlorine  dosages  for  disinfection  are  3  to  15  mg/L  for 
trickling  filter  effluent  and  2  to  8  mg/L  for  activated  sludge  effluent. 3^ 

The  chlorinator  is  equipped  with  a  feed  control  system;  the  simplest  and  least 
expensive  is  a  manual  device.  Automatic  ratio  control  devices  are  available 
that  can  adjust  the  chlorine  dosage  to  changes  in  flow  rate.  A  more  sophisti¬ 
cated  system  can  Include  a  residual  chlorine  analyzer,  which  controls  the 
chlorine  dosage  based  on  residual  chlorine  levels.3® 

The  most  common  chlorine  compounds  used  in  wastewater  treatment  are 
chlorine  gas,  and  calcium  and  sodium  hypochlorite.  The  latter  two  are  used  in 
small  treatment  plants  where  simplicity  and  safety  are  more  important  than 
cost.  Because  calcium  hypochlorite  granules  are  readily  soluble  in  water  and 
are  relatively  stable  when  stored  properly,  they  are  often  favored. 3^ 

Chlorine  gas  is  dangerous  to  store  and  use. 

Chemical  oxidation  by  chlorination  has  the  following  advantages:  (1)  it 
markedly  reduces  concentrations  of  harmful  organisms,  (2)  the  process  is  very 
reliable,  and  (3)  it  is  less  expensive  than  other  methods  of  disinfection  and 
oxidation,  such  as  use  of  ozone.  The  process  has  the  following  disadvant ages : 
(1)  it  may  cause  formation  of  chlorinated  hydrocarbons,  (2)  chlorine  gas  is 
hazardous  and  requires  careful  handling,  and  (3)  chlorine  reacts  with  many 
chemicals  in  water,  so  the  system  must  be  adjusted  to  the  leachate's  strength. 
For  selected  flowrates,  Table  12  gives  the  expenses  of  chlorination  needed  to 
oxidize  and  disinfect.  The  costs  include  chlorine  supply,  chlorinator,  and 
contact  chamber.  These  figures  are  based  on  a  15-year  service  life,  10  mg/L 
dosage,  and  a  contact  time  of  30  minutes. 

Flow  Equalization 

The  primary  objective  of  flow  equalization  basins  is  to  lessen  the 
effects  of  peak  leachate  flow  and  high  leachate  concentrations.  Both  biologi¬ 
cal  and  physical/chemical  processes  operate  more  effectively  if  the  composi¬ 
tion  and  volume  of  the  influent  are  fairly  constant.  Because  leachate's  flow 
and  strength  vary  considerably,  equalization  basins  almost  always  will  be 
needed  to  increase  the  stability  of  biological  and  physical/chemical  unit 
operations . 

In  computing  equalization  volume  requirements  for  leachate  treatment  sys¬ 
tems,  the  water  balance  equation  must  be  used  to  determine  flow  and  to  design 
for  annual  peak  rainfall  or  near  peak  flow  volume  of  the  area.  In  sizing  the 
equalization  basin,  the  designer  first  needs  to  determine  the  amount  of  fluc¬ 
tuation  that  the  other  unit  operations  in  the  treatment  process  can  handle 
without  impairing  performance.  Then  equalization  volumes  should  be  provided 
to  ensure  \hat  fluctuation  does  not  exceed  that  amount.  Basins  can  be 

36B.  G.  Liptak. 

^Metcalf  and  Eddy,  Inc.,  Wastewater  Engineering:  Collection,  Treatment  and 
Disposal  (McGraw-Hill  Book  Co.,  1979). 

38B.  G.  Liptak. 

3^Metcalf  and  Eddy,  Inc. 
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Table  12 


Estimated  Costs  for  Chlorinating  Effluent  From 
Leachate  Treatment  Plants 


Flow , 
mgd_ 

Const  ruct  ion 
Cost ,  $ 

Operation 
Maintenance  ( 

0.1 

22,000 

4,500 

0.3 

32,000 

7,200 

0.6 

40,000 

10,000 

1.0 

50,000 

12,000 

designed  for  either  side-line  equalization,  where  water  exceeding  the  daily 
flow  is  equalized,  or  for  in-line  equalization,  where  the  entire  daily  flow  is 
equalized.  Because  of  large  fluctuations  in  the  concentrations  of  pollutants, 
leachate  treatment  usually  requires  inline  equalization. 

The  following  factors  must  be  considered  when  an  equalization  basin  is 
designed:  (1)  the  degree  of  flow  rate  and  organic  loading  equalization 

required  to  ensure  reliable  and  efficient  performance  of  other  process  units, 
(2)  the  aeration  and  mixing  equipment  needed,  (3)  the  pumping  and  discharge 
flow  rate  control  specifications,  and  (4)  the  size  of  alternative  treatment 
components  for  peak,  flows.  Aeration  and  mixing  equipment  needs  to  be  selected 
carefully.  As  a  guideline,  the  minimum  mixing  required  to  prevent  deposition 
of  solids  in  municipal  treatment  systems  (at  200  mg  of  suspended  solids) 
ranges  from  about  0.02  to  0.04  hp/1000  gal.  Minimum  aeration  required  to 
prevent  septic  conditions  Is  about  1.25  to  2.0  cfm/1000  gal. 

Equalization  basins  are  generally  reliable  and  can  be  easily  designed. 
They  can  dramatically  Increase  rhe  stability  of  leachate  flow  or  concentration 
for  sensitive  operations  such  as  carbon  adsorption,  biological  treatment,  pre¬ 
cipitation,  and  ion  exchange.  The  only  advantage  is  that  an  equalization 
basin  may  require  a  considerable  amount  of  land  to  handle  peak  flows. 

The  cos ts  for  concrete  basins  with  a  detention  time  of  1  day  range  from 
$70,000  to  $150,000  for  construction  (0.1  to  1.0  mgd) .  Operation  and  mainte¬ 
nance  costs  are  usually  quite  low  and  run  from  $2500  to  $10,000  per  year  for 
the  same  range  of  flows. 
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Ion  exchange  resins  are  Insoluble  solids.  They  contain  fixed  cations  and 
anions  capable  of  reversible  exchange  with  mobile  ions  of  the  opposite  sign  in 
solutions  which  the  resins  contact.  The  direction  and  extent  of  the  reaction 
are  governed  by  the  relative  insolubilities  of  the  salts  that  can  be  formed 
and  the  equilibrium  constants. ion  exchange  can  remove  the  following 
classes  of  chemicals:  (1)  all  soluble  metallic  elements,  either  cationic  or 
anionic;  (2)  anions  such  as  halides,  cyanides,  and  nitrates,  and  (3)  acids 
such  as  carboxylics,  sulfonlcs,  and  some  phenols  at  a  pH  sufficiently  alkaline 
to  give  the  ions. 

However,  certain  limitations  on  the  ion  exchange  capability  of  various 
resins  must  be  considered  to  decide  whether  ion  exchange  and  its  pretreatment 
requirements  are  feasible.  For  efficient  operations,  the  upper  concentration 
limit  for  exchangeable  ions  is  about  2500  mg/L  expressed  as  calcium  carbonate, 
or  0.05  equivalents/L.  This  is  the  upper  limit  primarily  because  high  concen¬ 
trations  of  exchangeable  ions  rapidly  exhaust  the  resin  during  the  process, 
and  costs  for  regeneration  become  prohibitively  high.  Also,  the  effectiveness 
of  ion  exchange  resins  can  be  decreased  by  the  presence  of  certain  waste  con¬ 
stituents.  There  must  be  little  suspended  matter  so  the  resins  do  not  foul. 

Oxidizing  agents  such  as  chromic  or  nitric  acid  also  can  damage  resins. 

Finally,  some  organics,  especially  aromatics,  can  be  irreversibly  adsorbed  by 
the  resin,  resulting  in  decreased  capacity. This  problem  sometimes  can  be 
solved  by  prefiltering  the  wastewater  or  by  using  scavenger  exchange  resins.^*2 

Ion  exchange  is  now  being  used  in  several  industrial  treatment  processes, 
which  suggests  that  it  may  be  suited  for  treating  some  hazardous  waste 
leachates.  Notably,  ion  exchange  is  widely  used  in  the  electroplating  indus¬ 
try  to  remove  impurities  from  rinse  waters.  Usually,  these  are  fairly  dilute 
solutions  of  chromium,  nickel,  and  cyanides.  Ion  exchange  is  generally  used 
as  a  polishing  step  in  the  treatment  of  electroplating  wastes  and  is  also 
widely  used  as  a  final  treatment  method  for  metal  finishing  wastewaters  to 

remove  cyanides,  zinc,  chromium,  and  other  metals.  Another  application  is  for 

removing  valuable  metals  such  as  copper,  molybdenum,  cobalt,  and  nickel  from 
the  dilute  leach  liquors  of  tailing  or  dump  piles. ^ 

The  major  design  considerations  for  ion  exchange  treatment  include  selec¬ 
tion  of  the  appropriate  resin  (based  on  organic  Loads),  determination  of 
hydraulic  load,  selection  of  the  appropriate  operating  mode,  and  determination 
of  backwashing  and  regeneration  requirements.  The  extent  to  which  anions  or 
cations  are  removed  depends  on  the  equilibrium  established  between  the  ions  in 
the  aqueous  phase  and  those  in  the  solid  phase.  For  instance,  the  equilibrium 
for  the  removal  of  sodium  from  solution  is  defined  as  follows: 


^D.  H.  De  Renzo. 

H.  De  Renzo. 

^2Metcalf  and  Eddy,  Inc. 

^n.  l.  Nemerow,  Industrial  Water  Pollution:  Origin,  Characteristics  and 
Treatment  (Addison-Wesley  Publ.  Co.,  1978);  D.  H.  De  Renzo. 


(Eq  4] 


[H]  x  RNa  _  v 
[Na]  TTh  S 

where:  Ks  -  selectivity  coefficient 

RH  =  mole  fraction  of  hydrogen  on  the  exchange  resin 
RNa  =  mole  fraction  of  sodium  on  exchange  resin 
[  ]  =*  concentration  In  the  solution  phase. 

The  selectivity  coefficient  depends  on  the  nature  and  volume  of  the  ion, 
the  type  of  resin  and  its  saturation,  and  the  ion  concentration  in  the  waste¬ 
water.^  Since  the  stability  of  the  salts  formed  by  the  Ions  and  exchangers 
can  be  highly  variable,  it  is  important  to  choose  the  exchange  material  care¬ 
fully  to  allow  selective  separation.  Exchange  resins  can  be  selected  and  com¬ 
pared  by  the  following  criteria:  (1)  functionality,  which  refers  to  the  kinds 
of  ions  that  are  exchanged,  (2)  exchange  capacity,  which  is  a  measure  of  the 
total  uptake  of  specific  ions,  and  (3)  selectivity,  which  refers  to  the 
preference  of  one  kind  of  exchangeable  ion  over  another. ^  Table  13  lists 
some  available  resin  types  and  reactive  groups  that  may  be  well  suited  to 
leachate  treatment. 

Continued  contact  of  the  exchange  resin  with  the  solution  containing  the 
ions  to  be  removed  eventually  exhausts  the  active  sites  on  the  resins.  Before 
this  happens,  the  resins  usually  should  be  regenerated.  Table  14  summarizes 
the  types  of  regenerants  and  dosage  ranges.  Optimum  regenerant  quantities  and 
conditions  vary  with  the  process  involved  and  must  be  determined  experimen¬ 
tal  ly . 

Advantages  of  ion  exchange  resins  include  the  following:  (1)  the  process 
is  suitable  for  removal  of  soluble  inorganics  most  often  not  removed  by 
precipitation/sedimentation;  (2)  the  technology  has  been  reasonably  well 
demonstrated  for  electroplating  wastes,  metal,  and  pickling  liquors;  and  (3) 
the  process  has  low  energy  requirements.  There  are  four  disadvantages:  (1) 
the  process  is  not  suitable  for  removing  high  concentrations  of  contaminants; 
(2)  pretreatment  is  required  for  suspended  solids,  certain  organics  (espe¬ 
cially  aromatic),  and  oxidants;  (3)  operation  and  maintenance  costs  are  high 
compared  with  those  of  most  treatment  processes;  and  (4)  spent  regenerant  can 
contain  high  concentrations  of  contaminants. 

Costs  of  ion  exchange  vary  widely,  depending  on  stream  size,  and  type  and’ 
concentration  of  contaminants.  Treatment  costs  have  been  estimated  to  be 
about  $6/1000  gal  for  dilute,  complex  waste  streams. ^ 

Liquid  Ion  Exchange 

Liquid  ion  exchange  (LIE)  involves  the  selective  removal  or  separation  of 
free  and  complexed  metal  ions  and  other  inorganics  from  aqueous  streams.  In 
this  process,  the  inorganics  of  interest  are  transferred  from  the  aqueous 
phase  to  an  immiscible  organic  phase.  This  organic  phase  is  then  contacted 
with  a  second  aqueous  phase  whose  composition  is  such  that  the  inorganics  now 
transfer  to  that  phase.  The  basic  principle  underlying  the  LIE  reaction  is 

^Metcalf  and  Eddy,  Inc. 

^D.  h.  De  Renzo. 

/*6D.  H.  De  Renzo. 
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Table  13 


Common  Reactive  Groups  for  Ion  Exchange  Resin 
(Adapted  from  D.  H.  De  Renzo  Unit  Operations  for  Treatment  of 
Hazardous  Industrial  Wastes  [Park  Ridge,  NJ:  Noyes  Date  Corporation, 
. .  "  1978].) 


_ Reactive  Group _ 

Strong  acid  (sulfonic) 

Weak  acid  (carboxylic) 

Weak  acid  (phenolic) 

Strong  base  (quaternary  amine) 

Weak  base  (tertiary  and  secondary 
amine) 

Chelating  (varied,  may  be  lmino- 
dlacetate  or  oxiolne  groups) 


_ Exchangeable  Ions _ 

Cations  in  general 

Cations  in  general 

Cesium  and  polyvalent  cations 

All  anions,  especially  suited  for 
anions  of  weak  acids  (cyanide, 
carbonate,  silicate,  etc.) 

Anions  of  strong  acids  (sulfate, 
chloride,  etc.) 

Cations,  especially  transition  and 
heavy  elements 


Note:  Differences  in  the  particular  starting  materials  and  preparation 
route  frequently  cause  differences  in  handling  properties,  stability, 
and  reaction  kinetics  between  resins  that  have  the  same  polymer 
backbone,  functional  groups,  and  exchange  capacity.  Hence  it  is 
Important  to  test  a  variety  of  realan  for  a  particular  application. 


Table  14 

Examples  of  Regenerants  and  Dosage  Ranges  for  Different 
Types  of  Exchange  Resins 

Desired  Concentration 


Resin  Type 

Ionic  Form 

Regenerant 

lb/cu 

_ft 

Percent 

Cationic 

H+ 

HC1 

4 

CO 

10 

1 

to  10 

H+ 

v°4 

6 

to 

12 

2 

to  10 

Na+ 

NaCl 

5 

to 

10 

6 

to  25 

Strong  basic  anionic 

oh" 

NaOH 

4 

to 

8 

2 

to  10 

Weak  baste  anionic 

Free  baas 

1 

to 

2 

2 

to  4 

NaOH 

Free  baas 

2 

to 

4 

1 

to  2 
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the  distribution  or  partition  between  phases.  In  the  LIE  process,  a  water- 
soluble,  Ionic  species  Is  caused  to  become  more  soluble  In  an  organic  solvent 
(by  salt  formation  or  coraplexatlon,  for  example).  This  promotes  the  partition 
or  extraction  of  the  species  Into  the  solvent.4' 

LIE  Is  competitive  with  conventional  Ion  exchange  and  can  be  used  to 
treat  much  higher  concentrations  that  the  conventional  process.  LIE  Is  appli¬ 
cable  to  any  aqueous  waste  stream  containing  extractable  species  and  to  any 
wastes  containing  Inorganics  that  can  be  dissolved  in  aqueous  acid  or  alkali 
to  yield  extractable  species.  Virtually  all  soluble  cations  can  be  removed, 
although  commercially  available  extractants  preferentially  extract  heavy 
polyvalent  metals.  Soluble  but  undissociated  species  —  such  as  mercuric 
chloride,  anions,  and  metal  oxyanions  —  and  weak  acids,  such  as  hydrofluoric 
acid,  can  also  be  extracted.4®  The  process  is  sensitive  to  certain  wastewater 
contaminants:  the  presence  of  surfactants  causes  changes  in  phase  separation; 
oxidants  tend  to  cause  degradation  of  functional  groups  of  extractants;  and 
the  presence  of  suspended  matter  over  0.1  percent  may  hinder  the  process. 

Although  in  theory  there  is  no  limit  to  the  concentrations  that  can  be 
treated  by  this  process,  the  volume  of  extractants  that  must  be  used  places 
practical  limitations  on  the  concentrations.  Commercial  processes  for  extrac¬ 
tion  of  cobalt  and  nickel  treat  solutions  up  to  10  g/L,  and  this  is  probably  a 
typical  upper  limit.49  There  are  several  commercial  and  near-commercial 
applications  for  removal  of  various  inorganics  by  LIE.  Some  examples  include: 
(1)  recovery  of  nitric,  hydrofluoric,  and  molybdic  acid  from  metal  pickling 
liquors;  (2)  recovery  of  copper  from  spent  alkaline  etchant  solutions  and  from 
aramonia/aramonlum  carbonate  leaching  of  metallic  copper  scrap;  (3)  recovery  of 
iron,  zinc,  copper,  nickel,  and  chromium  from  alkali  hydroxide  sludges;  and 
(4)  removal  of  cyanide  and  zinc  from  electroplating  rinse  water.50 

Liquid  ion  exchange  is  a  steadystate  process  because  of  its  dependence  on 
a  constant  distribution  coefficient  and  on  proper  time  for  phase  separation. 
The  contacting  process  should  provide  thorough  mixing  to  allow  as  much  mass 
transfer  as  possible.  Therefore,  the  process  should  be  run  continuously 
rather  than  as  a  batch  operation. 

Extraction  reagents  are  classified  according  to  differences  In  the  nature 
of  stripping  chemistry.  The  reagents  are  used  as  dilute  solutions  (5  to  30 
percent).  Classes  of  reactants  Include:  (1)  basic  extractants  —  such  as 
ketones,  ethers,  and  amines  —  which  react  with  acids  or  metallic  ions  to  form 
salts  or  complexes  soluble  in  organic  solvents;  (2)  acidic  extractants  —  such 
as  carboxylic  acids,  and  napthalenes  and  alkylaphalene  sulfonic  acids  --  which 
react  with  bases  or  salts  by  exchange  of  cations;  (3)  chelating  extractants 
which  form  stable  chelate  complexes  with  metal  ions;  and  (4)  ionic  extrac¬ 
tants,  which  form  organic  extractable  ion  pairs  with  anions  or  cations.5' 

The  process  yields  two  aqueous  streams:  the  cleaned  stream  and  the 
stripping  liquor.  Both  contain  small  amounts  of  the  extraction  solvent.  The 
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stream  may  require  further  treatment  by  adsorption  before 
The  stripping  liauor  contains  high  concentrations  of  hazar- 

must  be  treated.  2 


Liquid  ion  exchange  has  advantages  in  that  (1)  it  can  treat  most  dis¬ 
solved  ionized  and  un-ionized  inorganics  in  aqueous  streams;  (2)  the  process 
has  been  proven  reliable  in  treating  pickling  liquor  and  electroplating 
wastes;  and  (3)  the  process  can  treat  higher  inorganic  concentrations  than  can 
conventional  ion  exchange.  Major  disadvantages  include  the  following:  (1) 
the  process  is  sensitive  to  the  presence  of  oxidants,  surfactants,  and 
suspended  solids;  (2)  water  pollution  is  possible  unless  reclaimed  extractants 
are  stripped  from  the  discharge  stream;  and  (3)  the  regeneration  solution  into 
which  hazardous  components  are  stripped  from  the  extraction  solvent  contains 
high  concentrations  of  hazardous  components  which  must  be  made  harmless.  Few 
economic  studies  have  been  done  on  the  treatment  of  dilute  waste  streams. 

Costs  appear  to  be  comparable  to  or  somewhat  less  than  conventional  ion 
exchange . 

Precipitation ,  Flocculation ,  and  Sedimentation 


Precipitation,  flocculation,  and  sedimentation  are  well-developed 
processes  that  have  been  applied  to  the  treatment  of  various  industrial  waste- 
waters  containing  particulates  or  soluble  heavy  metals.  Precipitation  removes 
a  substance  from  solution  and  transforms  it  into  a  solid  particle.  Floccula¬ 
tion  promotes  particle  growth  of  suspended  solids  so  that  they  can  be  more 
easily  removed,  and  sedimentation  removes  suspended  particles  from  the  liquid 
by  settling. 


Precipitation,  flocculation,  and  sedimentation  are  suitable  treatment 
methods  whenever  precipitable  soluble  substances  or  suspended  solids  must  be 
removed.  Many  toxic  metals,  Including  cadmium,  lead,  arsenic,  and  chromium, 
are  successfully  removed  from  wastewater  precipitation,  flocculation,  and  sed¬ 
imentation.  There  is  no  upper  limit  on  the  concentrations  that  can  be  treated 
by  these  processes.  The  lower  limit  for  removal  of  soluble  species  generally 
depends  on  the  solubility  product  of  the  particular  ion,  although  this  method 
of  predicting  removal  efficiency  is  not  very  reliable. 

The  major  features  to  consider  in  the  design  of  a  sedimentation  basin  or 
clarifier  are  the  hydraulic  flow,  chemical  requirements,  and  dosages.  These 
factors  depend  on  the  concentrations  of  suspended  matter  and  precipitable 
soluble  species,  and  on  the  settling  rate.  The  three  processes  can  be  carried 
out  in  separate  basins,  or  a  clarifier  may  be  used  with  separate  zones  for 
chemical  mixing,  precipitation,  flocculation,  and  sedimentation.  When  the 
three  processes  are  applied,  laboratory  tests  can  be  used  to  determine  the 
degree  of  precipitation,  reaction  time,  and  required  chemical  dosage;  the  type 
of  flocculant;  and  the  settling  rate. 

Precipitation.  Two  precipitation  reactions  usually  are  applied  to 
leachate  treatment.  The  first  is  adding  a  compound,  such  as  sulfide,  that 
will  react  directly  with  the  hazardous  metal  to  form  a  sparingly  soluble  com¬ 
pound.  The  second  is  changing  the  equilibrium,  especially  by  pH  adjustment 
with  lime  l Ca ( OH) 2 1  so  that  a  soluble  compound  becomes  Insoluble  and 
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precipitates.  Precipitation  of  metals  is  governed  by  the  solubility  product 
of  the  metal  ion.  However,  when  metals  are  precipitated  the  effluent  concen¬ 
trations  usually  are  not  equal  to  the  theoretical  solubility.  Many  metals 
form  complexes  with  organo-metal lies .  These  ions  are,  in  some  cases,  more 
soluble  than  the  ion  itself  and  may  prevent  precipitation.  Cyanide  ions  or 
other  ions  in  the  wastewater  may  complex  with  metals,  making  them  difficult  to 
precipitate  as  the  hydroxide  or  sulfide. 53 

Lime  precipitation  is  the  most  widely  used  method  for  precipitating  heavy 
metals.  However,  there  are  problems  with  the  process.  Many  metals  reach  a 
minimum  solubility  at  a  specific  pH,  but  further  addition  of  lime  causes  the 
metal  to  become  soluble  again  (amphoteric  metals).  Therefore,  the  dosage 
needs  to  be  accurately  controlled.  However,  the  fluctuating  leachate  quanti¬ 
ties  and  concentrations  of  metals  make  it  very  difficult  to  control  the  lime 
dosage  to  obtain  ideal  precipitation;  jar  tests  need  to  be  conducted  fre¬ 
quently.  Lime  dosage  requirements  for  landfill  leachate  may  be  considerably 
higher  than  those  for  municipal  wastewater  treatment.  Whereas  municipal 
wastewater  systems  require  dosages  of  about  250  to  400  rag/L  to  obtain  a  pH  of 
10.5  (depending  on  alkalinity  of  the  water),  the  Geological  Reclamation  Opera¬ 
tions  and  Waste  Systems,  Inc.  (GROWS)  landfill  leachate  treatment  system  in 
Bucks  County,  PA,  requires  about  6000  mg/L  to  obtain  a  pH  of  10.54  Also,  some 
metals  require  very  high  pH  for  precipitation  as  the  hydroxide;  so  the 
effluent  must  then  be  neutralized  before  it  can  meet  discharge  pH  limitations 
or  be  at  an  acceptable  pH  for  biological  treatment. 

Precipitation  as  the  metal  sulfide  is  an  alternative  that  has  not  been 
used  widely.  As  shown  in  Table  15,  metal  sulfides  are  less  soluble  than 
hydroxides,  and  generally  the  metal  can  be  reduced  to  lower  concentrations. 

Coagulat ion/ Flocculation.  Settling  of  suspended  solids  depends  on  gravi¬ 
tational  or  inertial  forces  to  remove  solid  particles.  Coagulation  and  floc¬ 
culation  are  intended  to  overcome  repulsion  forces  of  individual  particles, 
causing  them  to  agglomerate  into  larger  particles.  Chemicals  used  for  coagu¬ 
lation  and  flocculation  include  alum,  ferric  chloride,  ferric  sulfide,  lime 
(coagulants),  and  polyelectrolytes  (f locculants) .  For  a  given  application 
each  coagulant  has  an  optimum  concentration  and  pH  range.  The  processes  of 
coagulation  and  flocculation  require  rapid  mixing  followed  by  a  slow  and  gen¬ 
tle  mixing  to  allow  contact  between  small  particles  and  agglomeration  into 
larger  particles.  Coagulants  must  be  completely  dispersed  into  water  immedi¬ 
ately.  This  is  especially  true  for  inorganic  coagulants,  such  as  alum,  that 
precipitate  rapidly.  For  lime  treatment,  It  is  useful  to  disperse  the  lime 
throughout  the  wastewater  in  the  presence  of  recycled  sludge  to  provide  an 
abundance  of  surface  area  on  which  the  precipitate  can  form. 55  Rapid  mix  is 
usually  accomplished  in  10  to  60  seconds. 

The  required  dosage  of  coagulant  depends  on  pH,  alkalinity,  phosphate 
levels,  and  mode  of  mixing;  dosage  can  be  determined  by  Jar  tests  and  zeta 
potential  tests.  Typical  chemical  dosages  used  in  industrial  treatment 
processes  are  listed  in  Table  16.  The  hydraulic  loading  is  used  as  a  basis 
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Table  15 


Approximate  Solubilities  of  Selected  Metals  in  Water 
(Date  in  g/L)* 


Metal 


Solubility  Solubility  , 

as  Hydroxide  aa  Sulfide  Factor 


Iron 

9  x 

Zinc 

1  X 

Cadmium 

2  x 

Nickel 

7  x 

Copper 

2  x 

Lead 

2  x 

Mercury 

4  x 

Silver 

1  X 

Chromium 

8  x 

1 

O 

3  x 

10° 

2  x 

i 

o 

7  x 

IQ'3 

7  x 

10-2 

6  x 

10° 

4  x 

10-4 

9  x 

10-1 

7  x 

l--4 

(No 

IQ'5 

3 

X 

io4 

IQ’7 

5 

X 

106 

10-10 

3 

X 

io4 

10-1 

1 

X 

io5 

10-13 

3 

X 

io15 

10-5 

5 

X 

io4 

10-20 

4 

X 

io15 

10-12 

1 

X 

1012 

preclp . ) 

*From  Sul f ex  Heavy  Metals  Waste  Treatment  Process ,  Technical  Bulletin  13: 
6  (Penuutit,  Inc.,  1977). 

**  Solubility  aa  hydroxide 

Factor  "  Solubility  as  sulfide  ' 


\ 

Ta'Jjle  16 


Chemical  Treatment  of  Industrial  Wastewater  by  Coagulation 
(From  Hardam  Azad,  ed..  Industrial  Wastewater  Management  Handbook 
[New  York,  New  York!  McGraw-Hill ,  1976^ . ) 


_ Criteria _  FeC13 

Dose,  ag/L  80  to  120 

Hydraulic  loading,  gpm/sq  ft*  0.3  to  0.4 

Chemical  sludge  production,  350  to  700 

lb/million  gal 


Alum 

100  to  150 
0.2  to  0.4 
250  to  500 


Ca(0H)2 

350  to  500 
0.5  to  0.8 
4000  to  7000 


* 


Without  use  of  polyelectrolytes. 
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for  determining  suspended  soLlds  removal  efficiencies.  The  hydraulic  loadings 
shown  are  intended  to  achieve  80  to  90  percent  suspended  solids  removal. ^ 


After  achieving  effective  mix,  promotion  of  particle  growth  by  floccula¬ 
tion  is  the  next  step.  Flocculants  usually  are  added  downstream  from  the 
coagulent  addition  point  because  the  rapid  mixing  can  break  up  the  floe. 
Flocculation  takes  15  to  30  minutes.  Mean  temporal  velocity  gradients  of  40 
to  80  ft/sec-ft  are  recommended.  The  lower  value  is  for  fragile  floe  (alumi¬ 
num  or  iron),  and  the  higher  value  is  for  lime.^7 

Sedimentation.  As  indicated  previously,  sedimentation  may  be  done  in  a 
separate  basin  from  precipitation  and  coagulation,  or  all  three  processes  may 
be  carried  out  in  the  same  basin.  When  the  operations  are  carried  out  in  com¬ 
bination,  two  design  configurations  are  available.  In  the  conventional  sys¬ 
tem,  rapid  mix  is  completed  "inline"  before  water  enters  the  large  settler 
where  flocculation  and  clarification  are  completed.  In  the  sludge-blanket 
units,  coagulation  mixing,  flocculation,  and  settling  all  take  place  in  a  sin¬ 
gle  unit. 5° 

The  criteria  for  sizing  settling  basins  are  overflow  rate  (surface  set¬ 
tling  rate),  tank  depth  at  the  side  walls,  and  detention  time.  For  municipal 
treatment  systems,  depths  average  10  to  12  ft;  detention  time  usually  averages 
l  to  3  hours;  and  surface  loading  rates  average  360  to  600  gal/day/sq  ft  for 
alum  floe,  540  to  1200  gal/day/sq  ft  for  lime  floe,  and  700  to  800  gal/day/sq 
ft  for  FeCl3.59 

Package  plants  suitable  for  coagulation,  flocculation,  sedimentation,  and 
filtration  are  available  for  small  flows  (10,000  gpd  to  2  mgd) .  These  plants, 
which  are  available  either  as  factory-preassembled  units  or  field-assembled 
modules,  significantly  reduce  the  cost  of  small  facilities.  The  units  are 
automatically  controlled  and  require  only  minimal  operator  attention.  Cost 
estimates  are  detailed  in  Tables  17  and  18.  These  estimates  were  developed 
for  standard  manufacturer  units  incorporating  20  minutes  of  flocculation,  tube 
settlers  rated  at  150  gpd/sq  ft,  mixed  filters  rated  at  2  and  5  gpra/sq  ft,  and 
a  media  depth  of  30  in.  The  costs  Include  preraanufactured  treatment  plant 
components,  mixed  media,  chemical  feed  facilities  (storage  tanks  and  feed 
pumps),  flow  measurement  and  control  devices,  pneumatic  air  supply  for  valve 
and  instrument  operation  (applies  to  plants  of  200  gpra  and  larger),  effluent 
and  backwash  pumps,  all  necessary  controls  for  a  complete  and  operable  unit, 
and  building.  The  three  smallest  plants  have  low-head  filter  effluent 
transfer  pumps  and  are  to  be  used  with  an  above-grade  clearwell.  The  larger 
plants  gravity  discharge  to  a  below-grade  clearwell.  Raw  water  intake  and 
pumping  facilities,  clearwell  storage,  high-service  pumping,  and  site  work, 
exclusive  of  foundation  preparations,  are  not  Included  in  the  costs.  Complete 
treatment  package  plants  (coagulation,  flocculation,  sedimentation,  and 


^^Hardam  Azad. 

^Azad . 

G.  Liptak. 

**9Innovatlve  and  Alternative  Technology  Assessment  Manual,  EPA-430/9-78-009 
(U.S.  Environmental  Protection  Agency,  Office  of  Water  Program  Operations, 
1978) . 
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Construction  Cost  lor  Package  Complete  Treatment  Plants  Used  for 
Precipitation,  Flocculation,  Sedimentation,  and  Filtration 
(From  R.  L.  Culp  et  al.,  Handbook  of  Advanced  Wastewater  Treatment 
[Van  Nostrand  Reinhold  Co.,  1978].) 


Operation  and  Maintenance  Summary  for  Package  Complete  Treatment  Plants  Used  for 
Precipitation,  Flocculation,  Sedimentation  and  Filtration 
(From  R.  L.  Culp  et  al.,  Handbook  of  Advanced  Wastewater  Treatment 
[Van  Nostrand  Reinhold  Co.,  1978] . ) 
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filtration)  are  designed  for  essentially  unattended  operation  —  that  Is,  they 
backwash  automatically  on  the  basis  of  head  loss  or  excessive  filtered  water 
turbidity,  and  then  return  to  service. 60 

Reverse  Osmosis 

In  reverse  osmosis,  water  is  separated  from  dissolved  salts  and  organic 
materials  by  filtering  through  a  semiperraeable  membrane  at  a  pressure  above 
the  osmotic  pressure  of  the  water  caused  by  the  dissolved  materials.  With 
existing  membranes  and  equipment,  operating  pressures  up  to  1000  psi  are  com¬ 
mon.  The  basic  components  of  the  reverse  osmosis  unit  are  the  membrane,  a 
membrane  support  structure,  a  containing  vessel,  and  a  high-pressure  pump. 
Cellulose  acetate  and  nylon  are  commonly  used  as  membrane  materials.  There 
are  four  types  of  membrane  support  conf igurations :  spiral-wound,  tubular, 
multiple-plant,  and  hollow-fiber.  The  tubular  design  is  recommended  for  use 
with  wastewaters. 61  Units  can  be  arranged  in  parallel  to  increase  the 
hydraulic  capacity,  or  in  series  to  affect  the  degree  of  demineralization 
required . 

A  high-quality  feed  is  required  for  efficient  operation  of  a  reverse 
osmosis  unit.  A  secondary  effluent  usually  must  be  pretreated  with  filtration 
and  carbon  adsorption.  The  removal  of  iron  and  manganese  may  also  be  neces¬ 
sary.  62  Preliminary  experiments  using  reverse  osmosis  on  high-strength 
leachates  were  not  successful  because  of  the  rapid  fouling  of  the  membrane 
system  with  suspended  solids  and  precipitated  iron  hydroxide,  and  the  poor 
selectivity  for  small  organics. 63  Except  for  possible  use  as  a  final  polish¬ 
ing  step,  reverse  osmosis  using  current  technology  on  raw  landfill  leachates 
was  found  to  be  impractical. 

Advantages  of  reverse  osmosis  include  the  capability  to  separate  organic 
and  inorganic  material  from  water.  Major  disadvantages  are  its  high  cost,  the 
experimental  nature  of  the  technology,  and  the  large  residual  of  seraiconcen¬ 
trated  liquid  effluent. 

Costs  of  reverse  osmosis  are  very  high  now.  Average  costs  of 
$1.67/gal/day  and  $3.33/gal/day  were  estimated  for  30,000-  and  3000-gpd  treat¬ 
ment  plants. 64  Power  requirements  were  20  hp  for  the  larger  plant  and  2  hp 
for  the  smaller.  These  costs  include  pretreatment  by  slow  sand  filtration, 
activated  carbon  adsorption,  and  filtration  through  an  0.5-micron  filter. 

Wet  Air  Oxidation 

Wet  air  oxidation  is  based  on  the  concept  that  any  substance  capable  of 
burning  can  be  oxidized  in  the  presence  of  air  at  elevated  pressure  and 
moderate  temperature.  Wastewater  containing  some  oxidizable  material  is  mixed 
with  air  and  pumped  through  an  exchanger.  It  is  then  pumped  to  a  reactor, 

6QEstimated  Waste  Treatment  Costs,  Vol  3:  Cost  Curves  Applicable  to  2500  gpd 
to  1.0  mgd  Treatment  Plants,  EPA-600/2-79-162c  (U.S.  Environmental  Protec¬ 
tion  Agency,  1979). 

6lMetcalf  and  Eddy,  Inc. 

62Metcalf  and  Eddy,  Inc. 

63e.  s.  K.  Chian  and  F.  B.  DeWalle,  Vol  II. 

6*E.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  II. 


where  oxygen  In  the  air  reacts  with  organic  matter  in  the  wastes.  Oxidation 
is  accompanied  by  a  rise  in  temperature,  and  the  heat  produced  can  be  used  to 
sustain  the  process.  After  the  reaction  phase,  gas  and  liquid  are  separated, 
and  the  liquid  is  used  to  heat  the  incoming  material. 65 

Wet  air  oxidation  may  be  applied  to  a  wide  class  of  wastewaters,  such  as 
those  from  the  manufacture  of  pesticides,  petrochemicals,  pharmaceuticals,  or 
other  industrial  chemicals. 66  The  process  generally  treats  wastes  with  a  high 
COD,  ranging  from  5  to  150  g/L,  and,  in  general.  Is  only  suitable  for  high 
strength  wastes.  The  performance  of  wet  air  oxidation  has  been  well  demon¬ 
strated  for  the  treatment  of  acrylonitrile  wastes  with  high  concentrations  of 
cyanide  and  for  the  treatment  of  scrubbing  liquor  from  the  clean-up  of  coke 
oven  gas,  which  contains  cyanides,  thiocyanates,  and  thiosulfates.  These 
wastes  are  now  treated  on  an  industrial  scale.  The  process  also  has  been 
shown  to  oxidize  effectively  a  number  of  toxic  organics  on  a  bench-scale 
level.  Wet  air  oxidation  takes  place  by  a  family  of  related  oxidation  and 
hydrolysis  reactions.  These  reactions  lead  to  partially  oxidized  intermediate 
products  and,  if  reactor  residence  time  and  temperature  permit,  eventually  to 
carbon  dioxide  and  water.  Hence,  the  degree  of  oxidation  is  primarily  a  func¬ 
tion  of  reaction  temperature  and  residence  time. 67 

Advantages  of  wet  air  oxidation  are:  (1)  the  process  can  handle  high 
waste  concentrations  of  5  to  150  g/L;  (2)  the  reactor  can  be  thermally  self- 
sustaining  at  COD  concentrations  of  15  000  ppm,  thus  reducing  operating  costs; 
and  (3)  the  process  creates  no  air  pollution  problems.  Disadvantages  include 
the  following:  (1)  stainless  steel  equipment  leads  to  higher  capital  costs 
than  for  incineration;  (2)  an  additional  heat  source  will  be  needed  when  the 
organic  load  is  less  than  15,000  ppm  COD;  and  (3)  the  process  requires  well- 
trained  operators. 

The  costs  of  wet  air  oxidation  are  proportional  to  the  volume  of  the 
waste  stream,  the  required  pressure,  and  the  amount  of  air  and  auxiliary  steam 
required.  No  cost  estimates  are  available  now  for  the  wet  air  oxidation  pro¬ 
cess  . 


Biological  Unit  Processes 


The  major  objectives  of  biological  treatment  of  sanitary  landfill 
leachate  are  to  reduce  the  dissolved  organic  content,  to  remove  heavy  metals 
and  nutrients  such  as  nitrogen  and  phosphorus,  and  to  coagulate  and  remove 
colloidal  solids.  The  major  treatment  effects  are  caused  by  incorporation  of 

these  materials  into  microorganisms'  tissues.  The  microorganisms  can  either 
be  attached  to  media  (trickling  filters,  rotating  biological  contactors,  or 
anaerobic  filters),  or  settled  out  and  discarded  (lagoons  and  stabilization 
ponds),  or  recycled  (activated  sludge  systems).  The  biological  unit  processes 
discussed  in  this  report  are  listed  in  Table  19.  The  rest  of  this  chapter 
addresses  general  design  criteria,  advantages  and  disadvantages,  and  costs  of 
the  various  biological  processes. 


6 ^Handbook  for  Remedial  Actio n  at  Wast e  Pi s posal  Sites . 

66induetr lal  Pollution  Control  Systems  (Zimpro  Environmental  Control  Systems, 
Tnc. ,  1$79) . 

6 7 Industrial  Pol lutlon  Contro 1  Systems  . 
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Most  organic  chemicals  are  biodegradable,  although  the  relative  ease  of 
biodegradation  varies  widely.  With  properly  acclimated  microbial  populations, 
adequate  detention  time,  and  equalization  to  ensure  uniform  flow,  biological 
treatment  can  be  used  to  treat  many  organics.  There  is  considerable  flexibil¬ 
ity  in  biological  treatment  because  there  are  several  available  processes,  and 
microorganisms  are  remarkably  flexible.  Several  generalizations  can  be  made 
about  the  biological  treatment  of  organics:  (1)  nonaromattcs  (noncycllc) 
hydrocarbons  are  preferable  to  aromatics;  (2)  materials  with  unsaturated 
bonds,  such  as  alkenes,  are  preferred  over  materials  with  saturated  bonds;  and 
(3)  stereochemistry  affects  the  susceptibility  of  certain  compounds  to  attack. 
Soluble  organics  are  usually  more  readily  degraded  than  insoluble  materials; 
biological  treatment  is  more  efficient  in  removing  dissolved  or  colloidal 
materials,  which  are  more  readiLy  attacked  by  enzymes.  The  presence  of  key 
functional  groups  at  certain  locations  can  affect  the  degradation  of  com¬ 
pounds;  alcohols,  for  example,  are  more  easily  degraded  than  their  alkane  or 
alkene  homologues.  On  the  other  hand,  addition  of  a  Cl  group  or  an  NO^  group 
increases  resistance  to  biodegradation.^® 

Although  many  compounds  in  landfill  leachate  may  be  resistant  at  first  to 
biological  treatment,  microorganisms  can  be  acclimated  to  degrade  many  of 
these.  Similarly,  while  heavy  metals  hinder  biological  treatment,  the  biomass 
can  also  be  adjusted,  within  limits,  to  tolerate  higher  concentrations  of 
metals.  Table  20  Lists  concentrations  of  metals  above  which  the  treatment 
efficiency  of  aerobic  sludge  processes  may  lessen. 

A .  ’  t :  va  t  e d  F  l  ud,i e 

Activated  sludge  biological  treatment  of  liquid  waste  is  widely  used  in 
the  sewage  treatment  Industry  and  includes  a  broad  range  of  treatment  schemes 
which  use  completely  mixed,  aerobic  reactors  wit))  sludge  recycle.  Activated 
sludge  Is  a  heterogenous  microbial  culture  composed  largely  of  bacteria,  pro¬ 
tozoa,  rotifers,  and  fungi.  The  bacteria  are  responsible  primarily  for 
assimilating  most  of  the  organic  material  from  the  waste;  the  protozoa  and 
rotifers  complete  the  process  by  removing  the  dispersed  bacteria  that  other¬ 
wise  would  escape  in  the  plant  effluent,  giving  high  COD  and  suspended 
solids. Aeration  can  be  by  air  or  by  pure  oxygen.  Activated  sludge  systems 
are  usually  made  up  of  several  unit  processes,  including:  primary  sedimenta¬ 
tion,  an  aerated  reactor  with  sludge  recycle,  and  clarification  In  a  settling 
tank. 


The  air-activated  sludge  process  has  been  proven  effective  in  treating 
Industrial  wastewaters  from  refineries  and  coke  plants,  pharmaceutical  wastes, 
polyvinyl  chlorides  (PVC)  wastes,  and  food  processing  wastes. Conventional 
activated  sludge  has  successfully  treated  petroleum  wastes  with  a  BOD5  as  high 
as  10,000  ppra.'i  The  process  has  also  demonstrated  that  it  can  treat  reason¬ 
ably  well  the  leachace  from  municipal  landfills.  For  example,  at  the  GROWS 


6®Selected  Biodegradat ton  Techniques  for  Treatment  and  Ultimate  Disposal  of 
Organic  MaYertals,  EPA-600/2 -79-006 '(¥.  S  7  Environmental  Protection  Agency, 
Municipal  Environmental  Research  Laboratory,  1979). 

69l.  o .  Benefield  and  C.  W.  Randall,  Biological  Process  Design  for  Wastewater 
Treatment  (Prentice-Hall,  Inc.,  1980),  526  pp. 

^Estimated  Waste  Treatment  Costs,  Vol  3;  Hardam  Azad. 

^iHardara  Azad. 
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Table  20 


Threshold  Concentrations  for  Inhibitory  Effects  of  Various 
Metals  in  Aerobic  Activated  Sludge  Processes 
(Adapted  from  D.  H.  De  Renzo,  Unit  Operations  for  Treatment  of  Hazardous 
Industrial  WastesfPark  Ridge,  NJ:  Noyes  Data  Corporation,  1978 J . ) 


Metal  Ion 

Inhibitory 
Threshold , 
mg/L 

Cadmium 

1  to  5 

Chromium  (+3) 

10 

Chromium  (+6) 

1  to  10 

Copper 

1  to  10 

Iron  (■♦’3) 

15 

Lead 

10 

Nickel 

1  to  2.5 

Silver 

0.03 

Vanadium 

10 

Zinc 

1  to  10 

landfill,  BOD  removal  of  over  98  percent  was  achieved  for  an  Influent  concen¬ 
tration  of  almost  5000  mg/L;  the  treatment  system  included  physical/chemical 
as  well  as  biological  treatment . ^2  Experiments  have  shown  that  activated 
sludge  is  generally  well-suited  to  treatment  of  high  strength  leachates  con¬ 
taining  large  concentrations  of  fatty  acids.  As  the  landfill  stabilizes,  the 
ratio  of  BOD/COD  decreases,  and  the  wastes  become  more  resistant  to  biological 
treatment .73 


The  activated  sludge  process  is  sensitive  to  suspended  solids,  oil,  and 
grease.  It  is  recommended  that  suspended  solids  be  less  than  1  percent. 7^ 
Oil  and  grease  must  be  less  than  75  mg/L,  and  preferably  less  than  50  mg/L, 

for  effective  treatment .^5 


Key  design  parameters  for  activated  sludge  Include:  (1)  aeration  period 
or  detention  time;  (2)  BOD  loading  per  unit  volume,  usually  expressed  in  terms 
of  pounds  of  BOD  applied  per  day  per  1000  cu  ft  of  aeratio  basin;  and  (3)  the 


^Wastewater  Treatment  Facilities  for  Sewered  Small  Communities. 
73wa8tewater  Treatment  Facilities  for  Sewered  Small  Communities. 
H.  De  Renzo. 


f ood-to-microorganism  ratio  (F/M),  which  expresses  BOD  loading  with  regard  to 
microbial  mass  (usually  measured  as  mixed  liquor  volatile  suspended  solids 
(MLVSS]).  Several  modifications  of  the  activated  sludge  process  may  be  appli¬ 
cable  to  treatment  of  hazardous  leachate  —  depending  on  the  BOD  loading  and 
operational  parameters  for  aeration  processes. 

Conventional  treatment  has  limitations,  such  as  a  poor  tolerance  for 
shock  loads,  a  tendency  to  produce  bulking  sludge  that  causes  high  suspended 
solids  in  the  effluent,  and  low  acceptable  BOD  loadings.  But  these  problems 
can  be  partially  solved  by  changes  in  process  design.  The  completely  mixed 
activated  sludge  process  (Table  21)  is  the  most  widely  used  for  treating 
wastewaters  with  relatively  high  organic  loads.  The  advantages  of  this  system 
are  that  It  offers  less  variation  in  organic  loading,  resulting  in  more  uni¬ 
form  oxygen  demand  and  effluent  quality;  it  dilutes  the  wastewater  coming  into 
the  entire  basin,  resulting  in  reduced  shock  loads;  and  then  It  always  uses 
the  contents  of  the  entire  contactor  because  of  complete  mixing. ?® 

The  extended  aeration  process  involves  long  detention  times  and  a  low  F/M 
ratio.  Process  design  at  this  low  F/M  ratio  results  In  a  high  degree  of  oxi¬ 
dation  and  little  excess  sludge.  The  contact  stabilization  process,  in  which 
biological  solids  are  contacted  with  the  wastewater  for  a  short  time,  then 
separated,  and  finally  reaerated  to  degrade  sorbed  organics,  has  shown  some 
success  for  industrial  wastes  with  a  high  content  of  suspended  and  colloidal 
organics.  Pure  oxygen  systems  have  overcome  several  major  drawbacks  of  con¬ 
ventional  treatment.  These  systems  show  increased  bacterial  activity,  reduced 
aeration  tank  volume,  and  Improved  sludge  settling.??  The  pure  oxygen  process 
Is  applicable  to  a  wide  range  of  wastes  at  high  F/M  ratios  —  e.g.,  petrochem¬ 
ical,  dye,  pharmaceutical,  and  pesticide  wastes.?® 

In  addition  to  process  modifications,  there  are  several  measures  for 
minimizing  upsets  and  maximizing  stability.  Problems  with  hydraulic  and 
organic  load  variations  can  be  limited  by  equalization  preceding  biological 
treatment.  A  method  often  used  to  provide  more  biodegradation  is  to  Increase 
the  inventory  of  biological  solids  in  the  aeration  basin.  This  is  done  by 
increasing  the  sludge-recycle  ratio  or  reducing  sludge  wastage.  However,  such 
an  approach  usually  requires  trade-offs:  higher  sludge  quantities  lead  to  a 
greater  need  for  food  and  air;  also,  old,  heavy  sludge  tends  to  become 
mineralized  and  devoid  of  oxygen,  creating  a  less  active  floe-  The  rate  of 
return  sludge  may  vary  from  35  to  50  percent  In  systems  carrying  a  low  mixed 
liquor  suspended  solids  (MLSS)  concentration  (-2000  mg/L) ,  and  from  75  to  100 
percent  In  systems  carrying  higher  MLSS.?9  Suspended  solids  should  be  reduced 
as  much  as  possible  by  sedimentation  or  filtration  pretreatment.  Since  kinet¬ 
ics  of  biological  degradation  are  concentration-dependent,  dilution  sometimes 
can  minimize  process  upsets.  Sludge  bulking,  which  leads  to  poor  effluent 
quality,  can  be  controlled  by  pH  adjustment,  sufficient  aeration,  and  adequate 
nutrient  supply.  An  Important  consideration  for  leachate  treatment  is  that 
microbial  growth  Is  a  function  of  the  limiting  nutrient.  Some  leachates  may 


?®Hardam  Azad. 

?  ?Sete  c  ted  B  l  odegr  ad  a  tl.on  Te  chnlques . 
?®Selec ted  Biodegradation  Techniques. 
?^Harcfam  Azad. 
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Mixed  Liquor 

BOD  Loading,  F/M  Ratio,  Suspended  Solids 
Process  Aeration  lb  BOPs  lb  BOD/day  (MLSS) , 

Mod  It  Acation  System  1QQ  cu  ft  ib  MLVSS  _  me/L _  Applications  and  Limitations 
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be  phosphorus-  or  nitrogen-limited.  Requirements  for  nitrogen  are  5  lb/100  lb 
BOD5  removed,  and  for  phosphorus,  l  lb/100  lb  BOD5  removed."® 

Equipment  used  for  activated  sludge  treatment  varies  considerably.  Three 
major  types  of  aerators  are  used:  mechanical  surface,  diffuse  air,  and 
sparged  turbine  aerators.  Mechanical  surface  aerators  are  considerably 
cheaper  than  diffused  aerators;  slow  speed  mechanical  aerators  are  the 
cheapest  means  of  oxygenation.  Fine  air  diffusers  or  coarse  air  bubble 
diffusers  usually  provide  compressed  air  diffusion  in  activated  sludge  reac¬ 
tors.  The  operator  can  increase  or  decrease  oxygenation  and  mixing  by  chang¬ 
ing  the  air-blower  output.  For  variations  greater  than  50  percent,  the  number 
of  diffusers  should  be  changed.  Sparged  turbines  are  mechanically  diffused 
air  units.  This  form  of  diffused  air  is  very  fine  and  benefits  from  improved 
gas  transfer  kinetics.  However,  the  sparged  turbine  generally  does  not 
transfer  gas  as  efficiently  as  in  the  mechanical  aerator. 81 

Secondary  clarifiers  are  used  to  separate  activated  sludge  solids  from 
the  mixed  liquor  and  to  produce  the  concentrated  solids  needed  to  sustain  bio¬ 
logical  treatment.  When  multiple  tanks  are  required,  rectangular  ones  are 
preferable  because  they  require  less  area  than  circular  tanks.  Average 
hydraulic  loading  varies  from  400  to  800  gal/day/sq  ft  surface  area,  and  peak 
loadings  range  from  700  to  1200  gal/day/sq  ft,  depending  on  MLSS  concentration 
and  percent  sludge  recycle.  Average  solids  loading  of  0.6  to  1.2  lb/hr/sq  ft 
and  peak  loadings  of  1.25  to  2.0  lb/hr/sq  ft  are  typical  for  activated  sludge 
plants.  Depths  are  normally  12  to  15  ft. 

Activated  sludge  processes  have  the  following  advantages:  (1)  activated 
sludge  has  been  widely  used  in  industrial  wastewater  treatment;  (2)  there  are 
a  number  of  process  variations  which  allow  for  a  high  degree  of  flexibility; 
(3)  process  reliability  is  good  (although  not  well  known  for  pure  oxygen- 
activated  sludge);  and  (4)  the  processes  can  tolerate  higher  organic  loads 
than  most  biological  treatment  systems.  Some  disadvantages  are:  (1)  capital 
costs  are  high;  (2)  the  process  is  sensitive  to  suspended  solids  and  metals; 
(3)  the  process  generates  sludge  which  can  be  high  in  metals  and  refractory 
organics;  it  is  subject  to  upsets  from  shock  loads;  and  it  is  fairly  energy 
intensive . 

Costs  of  different  types  of  activated  sludge  treatment  vary  widely 
depending  on  oxygen  requirements,  detention  time,  volumetric  loadings,  and  F/M 
ratios.  Table  22  gives  cost  estimates  for  three  activated  sludge  systems  and 
a  final  clarifier.  Construction  and  maintenance  costs  are  shown  for  a  conven¬ 
tional  treatment  system  with  mechanical  aeration  and  volumetric  loadings  of  32 
lb  BOD/day-1000  cu  ft,  MLSS  of  2000  mg/L  and  1.1  lb  of  oxygen  supplied  per 
pound  of  BOD  removed,  an  F/M  ratio  of  0.25  lb  BOD/day/lb  MLSS,  and  a  detention 
time  of  6  hr. Also  included  in  Table  22  are  construction  and  maintenance 
costs  for  extended  aeration  package  plants  (detention  time  of  24  hr)  for  flows 
down  to  0.01  mgd.  For  this  example,  construction  costs  include  comminutor, 
aeration  basin,  clarifier,  chlorine  contact  chamber,  aerobic  digester, 
chlorine  feed  facility,  building,  and  fencing.  For  the  example  of  pure 

®®Hardam  Azad;  Metcalf  and  Eddy,  Inc.;  M.  J.  Hammer,  Water  and  Wastewater 
Technology  (John  Wiley  &  Sons,  1975). 

®^Hardam  Azad;  Metcalf  and  Eddy,  Inc.;  M.  J.  Hammer. 

82innovative  and  Alternative  Technology  Assessment  Manual. 


Table  22 


Estimated  Construction  and  Operating  and  Maintenance  Costs  for 
Activated  Sludge  Treatment  Systems 
(Adapted  from  Innovative  and  Alternative  Technology  Assessment 
Manual t  EPA-430/9-78-009  [U.S.  Environmental  Protection  Agency, 
Office  of  Water  Program  Operations,  1978];  Remedial  Action  at 
Waste  Disposal  Sites  [office  of  Emergency  and  Remedial  Respon.v.', 
U.S.  Environmental  Protection  Agency],  in  press.) 


System  Type 

Plant  Flow, 
mgd 

Construct  ion 
Costs,  $ 

Operating  and 
Maintenance  Costs, 
$ 

Conventional 

0.1 

62,000 

3000 

0.3 

112,000 

5800 

0.6 

160,000 

8800 

1.0 

220,000 

12,000 

Extended  aeration 

0.01 

30,000 

4200 

(low  flow) 

0.03 

5 a, ooo 

7800 

0.06 

82,000 

12,000 

0.1 

110,000 

16,000 

Pure  oxygen 

0.1 

60,000 

6000 

0.3 

110,000 

1500 

0.6 

180,000 

25,000 

1.0 

275,000 

3800 

Secondary  clarifier 

0.1 

50,000 

2400 

(only) 

0.3 

95,000 

4000 

0.6 

150,000 

6000 

1.0 

210,000 

8000 

oxygen-activated  sludge  system  (1.2  lb  oxygen/ lb  BOD  removed,  MLSS  of  3000 
mg/L,  F/M  ratio  of  0.5  lb  BOD/day/lb  MLSS,  and  a  2-hour  detention  time),  con¬ 
struction  costs  include  oxygenation  basins  and  covers,  dissolution  equipment, 
oxygen  generators  or  liquid  oxygen  feed/storage  facilities,  instrumentation, 
and  licensing  fees.  Finally,  for  the  clarifier,  estimates  based  upon  rec¬ 
tangular,  f locculator-type  clarifier  of  600  gal/day/sq  ft,  construction  costs 
include  return  and  waste  pumps  (total  dynamic  head  =  10  ft)  and  spare  pumps 
where  necessary  (sludge  concentration  =*  1  percent  solids). 

Trii'kl  i n.j  /■'/'  /  t  <  rr, 

Trickling  filters  are  well  suited  to  treatment  of  low  flow  waste  streams 
and  are  often  used  as  roughing  filters  to  reduce  organic  loads  to  a  level 
suitable  for  activated  sludge  treatment.  Trickling  filters  are  now  used  with 


other  methods  to  treat  wastewaters  from  refineries,  pharmaceutical  plants,  and 
pulp  and  paper  mills,  for  example. ®®  The  efficiency  of  trickling  filters  in 
treating  refinery  and  petrochemical  wastes  ranges  from  10  to  20  percent  when 
used  as  a  roughing  filter,  to  50  to  90  percent  when  used  for  secondary  treat¬ 
ment.®^  The  process  is  more  effective  for  removing  colloidal  and  suspended 
materials  than  for  removing  soluble  matter.  Because  of  the  short  hydraulic 
residence  time  on  the  filter  material,  there  is  usually  not  enough  biodegrada¬ 
tion  along  the  filter  media  to  provide  the  sole  means  of  biological  treatment. 
For  concentrated  wastes,  a  high  rate  of  recirculation  would  be  required  for  a 
significant  reduction  of  organics.  However,  the  short  residence  time  can  be 
advantageous;  trickling  filters  allow  greater  variations  in  the  composition  of 
influent  waste  than  do  activated  sludge  or  anaerobic  digestion.  Placed  in 
sequence  with  activated  sludge  treatment,  the  filters  could  be  used  to  equal¬ 
ize  loading  variations,  while  the  activated  sludge  would  achieve  the  high 
removal  efficiencies  needed.®® 

The  variables  that  influence  design  and  performance  of  the  trickling 
filter  include  the  organic  and  hydraulic  load,  media  type,  nature  of  the 
waste,  pH,  and  temperature.  Trickling  filters  are  classified  according  to 
their  capability  to  handle  hydraulic  and  organic  loads.  Typical  acceptable 
loads  for  low-  and  high-rate  filters  are  shown  in  Table  23.  Use  of  plastic 
media  filters,  with  low  bulk  density,  has  resulted  in  organic  and  hydraulic 
loading  rates  higher  than  those  achieved  with  rock  media  filters.  Plastic 
media  filters  have  generally  shown  good  performance  under  high  BOD  loading 
conditions  that  would  clog  conventional  systems.®® 

Recirculation  is  generally  required  to  provide  uniform  hydraulic  loading 
and  to  dilute  high  strength  wastewaters.  However,  there  is  a  limit  to  the 
advantages  of  recirculation.  Generally,  recirculation  rates  greater  than  four 
times  the  Influent  rate  dc  not  increase  treatment  efficiency  appreciably.®7 
Several  recirculation  patterns  are  available.  One  of  the  most  popular  is 
gravity  return  of  the  underflow  from  the  final  clarifier  to  a  wet  well  during 
periods  of  low  flow,  and  direct  recirculation  by  pumping  filter  discharge  to 
the  influent. 

Several  formulas  have  been  proposed  to  predict  BOD  removal  efficiency 
based  on  waste  type,  influent  BOD,  hydraulic  load,  and  other  factors  related 
to  performance.  These  models  present  problems  because  treatability  must  be 
determined  on  a  case-by-case  basis,  and  the  fact  that  the  models  are  usually 
applicable  for  only  very  specific  conditions.®® 


®®Estimated  Waste  Treatment  Costs,  Vol  3;  Hardam  Azad • 

®^Hardam  Azad. 

®®D.  H.  De  Renzo;  B.  G.  Liptak. 

®®Hardam  Azad . 

®7B.  G.  Liptak. 

®®C.  J.  Velz,  "A  Basic  Law  for  Performance  of  Biological  Beds,"  Sewage  Works 
Journal,  Vol  20  (i960),  p  245;  J.  E.  Germain,  "Economical  Treatment  of 
Domestic  Waste  by  Plastic-Medium  Trickling  Filters,"  J.  Water  Pollution  Con¬ 
trol  Federation,  Vol  28  (1966),  p  192;  K.  L.  Schulze,  Conference  on  Biologi¬ 
cal  Waste  Treatment  (Manhattan  College,  1960);  W.  W.  Eckenfelder,  "Trickling 
Filter  Design  Performance,”  Transactions  of  the  American  Society  of  Civil 
Engineers,  Vol  128,  Part  III  (1963),  p  371. 
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Trickling  filters  offer  tlie  following  advantages:  (1)  the  process  Is  not 
highly  sensitive  to  shock  loads;  (2)  it  is  suitable  for  removing  suspended  or 
colloidal  matter;  and  (3)  it  lias  good  applicability  as  a  roughing  filter  to 
equalize  organic  loads.  Disadvantages  Include  the  following:  (1)  the  process 
is  vulnerable  to  below-freezing  temperatures;  (2)  it  offers  limited  treatment 
capability  in  a  single-stage  operation;  (3)  the  potential  for  odor  problems 
exists;  (4)  the  process  has  limited  flexibility  and  control;  and  (5)  the  pro¬ 
cess  requires  long  recovery  time  if  disrupted. 

Cost  estimates  for  trickling  flLter  package  plants  are  shown  In  Table  24. 
These  are  based  on  a  40-year  service  life,  an  overflow  rate  of  800  gal/day/sq 
ft,  recycle  of  three  times  average  flow,  and  200-ft  maximum  diameter. 
Construction  costs  include  sludge  pumps,  effluent  recycle  pumps,  clarifier 
mechanisms,  and  internal  piping.®^ 

7  Biological  Discs 

The  process  is  similar  to  the  trickling  filter  in  that  the  wastes  are 
treated  by  a  fixed-film  of  biological  growth.  Disks  are  mounted  on  a  horizon¬ 
tal  shaft,  placed  In  a  contour  bottom  tank,  and  immersed  about  40  percent  of 
the  time.  When  rotated  out  of  the  tank,  the  liquid  trickles  out  of  the  void 
space  and  the  biomass  Is  aerated.  Rotating  biological  discs  are  now  being 
used  at  fuLl  scale  to  treat  wastewaters  from  the  manufacture  of  herbicides, 
pharraaceut Icals,  petroleum,  pulp  and  paper,  and  pigments.  The  process  has 
been  used  only  recently  In  the  United  States,  and  is  not  widespread.  However, 
it  is  being  used  more  often  because  of  its  modular  construction,  low  hydraulic 
head  loss,  and  adaptability  to  existing  plants. The  process  can  be  used  for 
roughing,  nitrification,  or  secondary  treatment. 

For  adequate  treatment  It  is  recommended  that  the  process  Include  four 
stages  (discs)  per  train.  At  least  two  parallel  trains  should  be  used.  Typi¬ 
cal  design  criteria  Include  the  following:^! 

Organic  loading:  30  to  60  lb  BOD/ 1000  cu  ft  media  (without 

nitrification) 

15  to  20  lb  B0D/1000  cu  ft  media  (with 
nitrification) 

Hydraulic  loading:  0.75  to  1.5  gal/day/sq  ft  (without 

nitrification) 

0.3  to  0.6  gal/day/sq  ft  (with  nitrification) 

Detention  time:  40  to  90  minutes  (without  nitrification) 

90  to  230  minutes  (with  nitrification) 

Based  on  the  design  criteria,  rotating  biological  discs  can  handle 
organic  loads  similar  to  a  high-rate  trickling  filter.  The  process  has 
several  advantages:  (l)  It  Is  much  more  flexible  than  trickling  filters;  both 
the  Intensity  of  contact  between  biomass  and  wastewater,  and  the  aeration  rate 
can  be  easily  controlled  by  adjusting  the  rotational  speed  of  the  discs;  (2) 

^Innovative  and  Alternative  Technology  Assessment  Manual. 

^innovative  and  Alternative  Technology  Assessment  Manual. 

^Innovative  and  Alternative  Technology  Assessment  Manual. 


Table  23 


Examples  of  Acceptable  Loads  for  Low-  and  High-Rate  Trickling  Filters 
(Adapted  f con  Innovative  and  Alternative  Technology  Aaaeaaaent  Manual,  EPA-430/9-78-009 
(U.S.  Environmental  Protection  Agency,  Office  of  Water  Program  Operations,  1978).) 


Plastic  Media  Filter 

High  Rate,  Rock 
Media 

Low  Rate,  Rock 
Media 

Hydraulic  loading 
m'/m^d  (gal/day  ft^) 

28-56  (700-1400) 
(Secondary  treatment) 
93-186  (2300-4600) 
(Roughing  filter) 

9.4-37  (230-900) 

1.0-3. 7  (25-90) 

Organic  loading 
kg/m3d  (lb  BOD/ 
day  1000  ft3) 

0.16-0.8  (10-50) 
(Secondary  treatment) 
1.6-8  (100-500) 
(Roughing  filter) 

0.32-1.0  (20-60) 

0.08-0.32  (5-20) 

Bed  depth,  m  (ft) 

6-9  (20-30) 

1-2  (3-6) 

1.5-3  (5-10) 

Media  type 

Plastic 

Rock,  2.5-22.5  cm 
(1-5  in.) 

Rock,  2.5-22.5  cm 
(1-5  in.) 

Table  24 


Estimated 

Costs  for  Trickling  Filter  Package  Plant 

Flow, 

mgd 

Construction 
Cost,  $ 

Operation  and 
Maintenance  Cost,  $ 

0.1 

88,000 

4500 

0.3 

115,000 

6400 

0.6 

160,000 

9500 

1.0 

200,000 

12,000 
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wastewater  retention  time  can  be  controlled  by  selecting  the  appropriate  tank 
sl/.e;  thus,  more  thorough  treatment  can  be  obtained  than  with  trickling 
filters;  (3)  biological  discs,  unlike  trickling  filters,  rarely  clog  since 
shearing  forces  cont Inuously  and  uniformly  strip  excess  growth;  (4)  rotating 
biological  discs  can  hand  le  larger  flow  variations  and  higher  organic  shock 
loads  than  can  activated  sludge;  and  (5)  modular  construction  provides  flexi¬ 
bility  to  meet  increased  or  decreased  treatment  needs. 

The  disadvantages  of  the  process  are  as  follows:  (1)  the  equipment  is 
vulnerable  to  temperature  changes  If  not  covered,  (2)  the  high  organic  loads 
may  result  In  first-stage  septlclty,  and  supplemental  aeration  may  be 
required;  (3)  odor  may  be  a  problem  if  specific  conditions  develop;  (4)  the 
biomass  will  be  slow  to  recover  if  disrupted;  (5)  the  wastes  that  can  be  han¬ 
dled  have  only  relatively  low  strength  compared  with  those  that  can  be  treated 
with  activated  sludge. 

Construction  costs  are  estimated  In  Table  25;  included  are  rotating  bio¬ 
logical  contactor  shafts  (standard  media,  100,000  sq  ft/shaft),  motor  driver 
(5  hp  per  shaft),  molded  fiber  glass  covers,  and  reinforced  concrete  basins. 
Loading  rate  is  1.0  gpd/sq  ft. 


Table  25 

Estimated  Construction,  Operating,  and  Maintenance  Costs  for 
Rotating  Biological  Contactors 

(Adapted  from  Innovative  and  Alternative  Technology  AsBPsempnt  Manual. 
EPA-430/ 9-78-009  [U.S.  Environmental  Protection  Agency.  Office  of  Water 

Program  Operations,  1978].) 


Flow , 
mgd 


Construct  ion 
Cost,  $ 


Operation  and 
Maintenance  Cost,  $ 


A>iacroI<i<',  Acnnhio,  and  Facultatzve  Lagoons 

Lagoons,  or  waste  stabilization  ponds,  are  large  shallow  basins  that  rely 
on  long  retention  times  and  natural  aeration  to  decompose  the  waste.  In  an 
aerated  lagoon,  the  wastes  are  artificially  aerated  with  diffused  air  or 
mechanical  aerators;  this  differs  from  activated  sludge  processes  in  that 
there  is  no  sludge  biomass  recycle.  Anaerobic,  aerobic,  and  facultative 
lagoons  have  different  types  of  bacteria  population.  These  ponds  are  more 
sensitive  to  high  concentrations  of  inorganics  and  suspended  solids  than  are 
other  biological  methods.  Since  there  is  no  mixing,  suspended  solids  settle 
in  the  pond,  creating  an  excessive  load  which  inhibits  benthic  microorganisms 
and  creates  a  sludge  blanket  along  the  bottom  of  the  pond.  Waste  stabiliza¬ 
tion  ponds  have  been  used  to  treat  low  strength  industrial  wastes  or  to  serve 
as  a  polishing  step  for  certain  waste  types.  This  treatment  process  is  used 
in  food  processing  industries,  paper  and  pulp  mills,  textile  mills, 
refineries,  and  petrochemical  plants. 93 

Waste  stabilization  ponds  are  constructed  similarly  —  earthen  pits  and 
earthen  side  levees  are  most  common.  For  testing  leachates,  however,  the 
ponds  must  be  lined.  The  designs  of  various  waste  stabilization  ponds  differ 
significantly  (Table  26).  In  general,  lagoons  can  treat  only  low  strength 
waste  and  therefore  are  best  suited  as  a  polishing  step  used  with  other  treat¬ 
ment  methods.  The  aerobic  lagoon  requires  the  greatest  surface  area  to  treat 
an  equivalent  waste  load.  Oxygen  transfer  depends  on  the  ratio  of  lagoon  sur¬ 
face  area  to  volume  ( length-to-width  ratio  should  be  less  than  2:1),  tempera¬ 
ture,  turbulence,  and  bacterial  oxygen  uptake.  The  system  has  the  least 
tolerance  for  high  organic  loads,  but  benefits  from  a  short  detention  time. 94 
Anaerobic  stabilization  ponds  require  signif icantly  less  surface  area  than 
aerobic  and  facultative  lagoons,  and  can  handle  substantially  higher  organic 
loads.  Deeper  lagoons  benefit  from  better  heat  retention;  a  length-to-width 
ratio  of  no  more  than  2:1  is  recommended.  Sludge  buildup  is  much  less  for  the 
anaerobic  pond  than  for  the  aerobic;  for  every  pound  of  BOD  destroyed  by  t lie 
anaerobic  process,  about  0.1  lb  of  solids  is  formed;  this  compares  with  0.5  lb 
for  the  aerobic  lagoon.  The  major  disadvantage  of  the  anaerobic  lagoon  is 
that  it  produces  strong  odors  unless  the  sulfate  concentration  is  maintained 
below  100  mg/L.95 

The  facultative  lagoon  benefits  from  an  aerobic  surface  layer  that  oxi¬ 
dizes  hydrogen  sulfide  gas  to  eliminate  odors.  It  can  handle  BOD  loads  that 
fall  between  those  that  can  be  treated  by  anaerobic  or  aerobic  lagoons. 

Artificial  aeration  with  mechanical  or  diffused  aerators  allows  for 
deeper  basins  and  higher  organic  loads  than  those  for  aerobic  lagoons.  The 
basins  are  often  designed  for  partial  mixing  only,  so  that  anaerobic  decompo¬ 
sition  occurs  on  the  bottom.  While  lagoon  systems  cannot  withstand  the  higher 
organic  loads  tolerated  by  activated  sludge,  operating  costs  are  significantly 
less.  In  general,  several  lagoons  in  series  are  more  efficient  than  one 
lagoon  since  they  can  reduce  short-circulation  and  lead  to  increased  organic 
removal  efficiency. 


^D.  H.  De  Renzo;  N.  L.  Neraerow. 

^Estimated  Waste  Treatment  Costs,  Vol  3;  B.  G.  Liptak. 
9^B.  G.  Liptak. 


Lagoon  treatment  has  the  following  advantages:  (1)  operating  costs  are 
low  compared  with  those  of  other  biological  treatment  methods;  (2)  the  system 
produces  cost-effective  treatment  for  small  volume  flows;  and  (3)  waste  sta¬ 
bilization  ponds  require  minimal  energy  and  are  quite  reliable.  Disadvantages 
are:  (1)  the  process  tolerates  low  strength  wastes  only;  (2)  it  Is  Intolerant 

of  suspended  solids  and  metals;  (3)  it  requires  large  land  area  per  unit  flow 
volume;  (4)  performance  is  markedly  affected  by  temperature  (not  suitable  in 
freezing  temperatures);  (5)  the  system  has  limited  flexibility;  and  (6)  vola¬ 
tile  gases  may  be  emitted. 


The  cost  or  lagoon  construction  is  quite  site-specific,  depending  largely 
on  flow  rates,  loading  factors,  site  topography,  and  land  cost.  The  cost  of 
lagoon  construction  is  primarily  a  function  of  lagoon  area  requirements,  which 
are  directly  related  to  flow  and  load.  The  estimates  in  Table  27  are  given 
for  rough  comparisons  only.  To  extrapolate  detention  times  different  from 
those  of  the  examples,  the  following  formula  can  be  used: 


New  cost  estimates 


estimate  given  x 


new  design  detention  time, 
example  detention  time 


Table  27 


Estimated  Costs  of  Different  Types  of  Lagoon  Leachate  Treatment  Systems 
(Adapted  from  Innovative  and  Alternative  Technology  Assessment  Manual, 
EPA-430/9-78-009  [U.S.  Environmental  Protection  Agency,  Office  of  Water 

Program  Operations,  1978].) 


Lagoon  Type 

Plant  Flow. 

_ *£d  _ 

Construction 

Cost , 

$ 

Operation 

Maintenance 

$ 

Anaerobic 

0.  1 

210.000 

t>000 

0.  3 

480,000 

12,000 

0.6 

820,000 

20,000 

1.0 

1,150,000 

26,000 

Facultative 

0.1 

80,000 

2000 

0.3 

170,000 

3800 

0.6 

280,000 

6000 

1.0 

400,000 

8000 

Aerated 

0.1 

52,000 

4000 

0.3 

65,000 

6200 

0.6 

80,000 

9500 

1.0 

100,000 

12,000 

*The  figures  do  not  Include  expenses  for  buying  land  nor  providing  a  bottom 
liner.  Roughly  level  terrain  is  assumed. 
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For  differfiU  loading  factors  (facultative  lagoons),  the  following  formulas 
o  <n  he  used : 


Warm  climate: 


new  cost 
estimate 


estimate  40  lb  BOD/acre  day 

given  new  design  loading 


Cool  Climate: 


new  cost 
estimate 


estimate 

given 


20  lb  BOD/acre  day 
new  design  loading 


Cost  estimates  for  the  anaerobic  lagoon  are  based  on  an  average  detention 
time  of  35  days  and  include  service  roads  and  grading,  excavating,  and  other 
earth  work,  but  no  pumping  equipment-  Facultative  lagoon  estimates  are  for  a 
warm  climate,  a  loading  of  40  lb  BOD/acre/day  and  a  water  depth  of  4  ft. 
Estimates  for  aerated  lagoons  assume  a  7-day  detention  time,  15-ft  depth,  and 
aeration  equipment  requiring  36  hp/ragd.  Lagoon  systems  are  favored  for 
leachate  treatment  because  of  their  low  cost  and  flexible  operation. 


Land  Application  of  Municipal  Landfill  Leachates 

Land  application  involves  using  plants,  the  soli  surface,  and  soil  matrix 
for  wastewater  treatment.  Land  application  of  wastewater  has  been  practiced 
for  centuries,  but  has  only  recently  become  recognized  in  the  United  States 
because  of  the  emphasis  on  water  and  nutrient  recycling.  The  three  principal 
processes  for  land  application  of  wastewater  are  Irrigation,  rapid  infiltra¬ 
tion,  and  overland  flow. 96  Other  processes  which  are  generally  less  adaptable 
to  large-scale  use  are  wetland  application,  subsurface  application  and  aqua¬ 
culture.  97  Typical  design  features,  major  site  characteristics,  and  the 
expected  quality  of  treated  wastewaters  are  summarized  in  Tables  28,  29,  and 
30. 

Irrigation  is  the  land-treatment  process  used  most  often  today.  The 
effluent  Is  treated  by  chemical,  physical,  and  biological  means  as  it  per¬ 
colates  through  the  soil.  Wastewater  can  be  applied  by  sprinkling  (with  its 
increased  aeration  and  energy  cost),  or  by  surface  techniques  such  .is  ridge 
and  furrow  or  border  strip  flooding.  Application  rates  of  0.9  to  2.9  in. ./week 
are  often  used  for  crop  irrigation,  but  higher  rates  of  application  are  possi¬ 
ble  (2.3  to  3.9  In. /week)  if  water  tolerant,  low-value  grasses  are  used. 

Table  31  Lists  criteria  that  should  be  considered  when  sites  for  land  irriga¬ 
tion  of  wastewater  are  being  selected. 

Rapid  infiltration  systems  apply  effluent  to  the  soil  3t  high  rates  (3.9 
to  81.9  in. /week)  by  spreading  in  basins  or  by  sprinkling  for  rapid  groundwa¬ 
ter  recharge.  Natural  treatment  is  followed  by  pumped  withdrawal,  recover 


96Metcalf  and  Eddy,  Inc. 

97r.  k.  Bastion  and  S.  C.  Reed,  Aquaculture  Systems  for  Wastewater  Treatment: 
Seminar  Proceedings  and  Engineering  Assessment,  EPA-430/9-80-006  (U.S.  En¬ 
vironmental  Protection  Agency,  1979),  485  pp;  S.  C.  Reed  and  R.  K.  Bastion, 
Aquaculture  Systems  for  Wastewater  Treatment:  An  Engineering  Assessment , 

E PA-4 30/9-80-007  (U.S.  Environmental  Protection  Agency,  1980),  126  pp. 


Table  28 


Comparison  of  Site  Characteristics  for  Land-Treatment  Processes 
(Adapted  from  Metcalf  and  Eddy,  Inc-,  Wastewater  Engineering:  Collection, 
Treatment,  and  Disposal  [McGraw-Hill  Book  Co.,  1979]*) 


Const ituent 

BOD 

Suspended  solids 

Amaonia  nitrogen 
as  N 

Total  nitrogen 
as  N 

Total  phosphorus 
as  P 


Iriifct.tlaa* 


Huiaim 

<2 

<5 

<i 

<5 

<0.5 

<2 

3 

<8 

<0.1 

<0.3 

Rapid 

Infiltration** 

Average 

2  <5 

2  <5 

0.5  <2 

10  <20 

1  <5 


Overland  Flow* 
Average 


10 

<15 

10 

<20 

0.8 

<2 

3 

<5 

4 

<6 

Note:  All  values  in  og/L. 

•Percolation  ot  primary  or  secondary  etfluent  through  1.5  s  of  soil. 
••Percolation  ot  primary  or  secondary  etfluent  through  4.5  m  of  soil. 
♦Runoff  of  comminuted  municipal  vastevater  over  about  45  m  of  slope. 


using  underdrains,  or  discharge  to  surface  water  courses.  The  water  is 
treated  as  it  moves  through  the  soil  matrix. 

In  the  overland  flow  process,  wastewater  is  applied  to  the  upper  reaches 
of  sloped  terraces  and  is  treated  as  it  flows  over  vegetated  areas  to  runoff 
collection  ditches.  Overland  flow  is  used  either  as  a  secondary  treatment 
process  where  discharge  of  a  nitrified  effluent  of  low  BOD  is  acceptable,  or 
as  a  polishing  step.  Polishing  of  secondary  effluent  allows  high  flow  rates 
(5.9  to  15.6  in. /week). 

The  use  of  wetlands  or  aquaculture  for  wastewater  treatment  has  received 
attention  recently. 98  jn  some  cases,  the  primary  objective  is  to  produce 
biomass  or  other  beneficial  products  by  using  wastewater  nutrients  and  BOD. 

In  other  cases,  the  treatment  of  the  waste  Is  the  primary  incentive.  Removal 
efficiencies  for  secondary  effluents  are  70  to  96  percent  BOD,  60  to  90  per¬ 
cent  suspended  solids,  40  to  90  percent  nitrogen,  and  10  to  50  percent  phos¬ 
phorus.  Typical  land  area  requirements  are  from  30  to  60  acres/mgd  for 
natural  wetlands  and  23  to  37  acres  for  specially  constructed  wetlands  receiv¬ 
ing  primary  effluent. 99 

Exchangeable  cations,  particularly  sodium,  calcium,  and  magnesium  ions  in 
the  wastewater  are  especially  Important  In  determining  whether  wastewater  is 
acceptable  for  land  treatment.  High  sodium  concentrations  in  clay-bearing 


9&r,  K.  Bastion  and  S.  C.  Reed;  S.  C.  Reed  and  R.  K.  Bastion. 
99r,  k.  Bastion  and  S.  C.  Reed. 
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Table  29 


r 


soils  disperse  the  soil  particles  and  break  down  soil  structures,  decreasing 
the  soil's  permeability.  The  sodium  absorption  ratio  (SAR)  was  developed  to 
give  guidance  on  permeabiLity : 


SAR 


where:  Na  =»  sodium,  raeq/L 
Ca  =»  calcium,  raeq/L 
Mg  »  magnesium,  raeq/L 


Na 

(Ca  +  Mg/2) 


[Eq  5] 


SAR  values  above  9  may  indicate  that  the  permeability  and  structure  of  fine- 
textured  soils  have  been  adversely  affected.  High  sodium  levels  are  also 
toxic  to  plants,  but  decreases  in  soil  permeability  generally  occur  first  and 
have  greater  effects. 


Costs  of  land  application  are  generally  moderately  low  if  land  values  are 
not  Included.  For  a  10-acre  site,  solid-set  spray  irrigation  systems  can  be 
built  for  about  $31,000,  including  all  pipes  and  pumps.  Operation  and  mainte¬ 
nance  costs  on  such  a  system  are  estimated  at  $3500  per  year.  Land  applica¬ 
tion  has  been  used  on  landfill  leachate  with  some  success. 


Table  30 

Comparison  of  Expected  Quality  of  Treated  Water  from  Land-Treatment 
Processes  (All  Values  in  mg/L) 

(Adapted  from  Metcalf  and  Eddy,  Inc.,  Wastewater  Engineering:  Collection, 
Treatment,  and  Disposal  [McGraw-Hill  Book Co. ,  19/9].) 


Irrigation* 

Rapid 

Infiltration** 

Overland 

Flov+ 

Constituent 

Average 

Maximum 

Average 

Maxlmua 

Average 

Maximum 

BOD 

<2 

<5 

2 

<5 

10 

<15 

Suspended  solids 

<1 

<5 

2 

<5 

10 

<20 

Ammonia  nitrogen 

<0.5 

<2 

0.5 

<2 

0.8 

<2 

as  N 

Total  nitrogen 

3 

<8 

10 

<20 

3 

<5 

as  N 

Total  phosphorus 

P 

<0.1 

<0.3 

1 

<5 

4 

<6 

♦Percolation  of  primary  or  secondary  effluent  through  5  ft  of  soil. 
♦♦Percolation  of  primary  or  secondary  effluent  through  15  ft  of  soil. 
♦Runoff  of  comminuted  municipal  wastewater  over  about  148.5  ft  of  slope. 


100 


J.  C.  S.  Lu  et  al.,  "Leachate  Production  and  Management  from  Municipal 
Landfills:  Summary  and  Assessment,"  Land  Disposal:  Municipal  Solid  Waste 
EPA-600/9-81-002a  (U.S.  Environmental  Protection  Agency,  1981),  pp  1-17. 
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Table  31 


Site-Selection  Factors  and  Criteria  for  Effluent  Irrigation 
(Adapted  frooi  Metcalf  and  Eddy,  Inc.,  Wastewater  Engineering:  Collection, 
Treatment,  and  Disposal  [McGraw-Hill  Book.  Company,  1979 j.) 

_ Factor _  _ Criterion _ _ 

Soil: 

Type  Loamy  soils  are  preferred,  but  most  soils  from  sands  to 

clays  are  acceptable. 

Drainability  Well-drained  soil  is  preferred;  consult  experienced 

agricultural  advisors. 

Depth  Uniformly  5  to  6  ft  or  more  throughout  sites  is  pre¬ 

ferred. 


Groundwater : 

Depth  to  groundwater  A  minimum  of  5  ft  is  preferred.  Drainage  to  obtain 

this  minimum  may  be  required. 

Groundwater  control  Control  may  be  necessary  to  ensure  renovation  if  the 

water  table  is  less  than  10  ft  t*  m  the  surface. 

oruuuawater  movement  Velocity  and  direction  of  movement  must  be  determined. 

Slopes:  Up  to  20  percent  are  acceptable  with  or  without 

terracing. 


Underground  formations:  Formations  should  be  mapped  and  analyzed  with  respect 

to  interference  with  groundwater  or  percolating 
water  movement. 


Isolation:  Moderate  isolation  from  public  is  preferred;  the  degree 

of  isolation  depends  on  wastewater  characteristics , 
method  of  application,  and  crop. 

Distance  from  source 

of  wastewater:  An  appropriate  distance  is  a  matter  of  economics. 
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4  APPLICATION  OF  AVAILABLE  TECHNOLOGY  TO  LANDFILL  LEACHATES 


Laboratory  Studies 

Several  major  studies  of  landfill  leachate  treatment  systems  have  been 
made  using  biological  units  with  and  without  physlcal/cheralcal  treatment. 

These  studies  had  varying  degrees  of  success. 

Cook  and  Foree,  In  a  bench-scale  study,  evaluated  the  treatability  of 
sanitary  landfill  leachates  using  aerobic  digesters  with  activated  sludge 
recycle  and  selected  chemical  addi t ions . 101  Treatment  for  polishing  the 
effluent  from  the  aerobic  and  aerated  biological  systems  was  also  evaluated. 
After  preliminary  studies,  five  activated  sludge  systems  were  run  in  parallel. 
The  reactors  were  aerated  and  completely  mixed.  Activated  sludge  from  a  pre¬ 
vious  experiment  was  used  to  start  up  the  systems.  The  units  were  operated 
for  45  days  at  the  loadings  indicated  in  Table  32.  Nutrient  additions  were 
500  mg/L  nitrogen  and  100  mg/L  phosphorus;  as  a  pretreatment,  250  mg  of 
hydrated  lime  per  liter  were  added.  The  additions,  retention  times,  loading, 
and  characteristics  of  the  raw  leachate  and  the  effluent  (mixed  liquors)  from 
the  reactors  are  given  in  Table  32. 

All  reactors  with  a  10-day  biological  solid  retention  time  removed  COD 
effectively.  More  than  99  percent  COD  removal  efficiency  was  maintained  by 
activated  sludge  treatment  with  no  chemical  addition  (Unit  1,  Table  32).  The 
reactor  with  the  5-day  detention  time  began  to  fail  rapidly  after  about  25 
days  of  operation,  as  indicated  by  the  decrease  in  COD  removal  efficiency 
shown  in  Figure  5.  Lime  and  nutrient  additions  were  not  beneficial.  The 
effluent  from  activated  sludge  units  had  good  settling  characteristics  and 
very  high  nutrient  removal  efficiencies. 

Polishing  the  effluent  from  these  digesters  by  carbon  absorption  removed 
50  to  70  percent  of  the  remaining  COD,  giving  99  percent  or  better  COD  removal 
in  all  cases.  Polishing  with  5  percent  sodium  hypochlorite  did  not  greatly 
affect  the  residual  COD  levels  and  did  not  remove  color  well.  Chemical  addi¬ 
tions  to  the  raw  leachates  (mixtures  of  hydrated  lime,  alum,  ferric  chloride 
and  sulfate,  Purofloc  A-23  polyelectrolyte,  and  sodium  hydroxide)  very  effec¬ 
tively  removed  suspended  solids  (70  to  90  percent),  but  had  very  little  effect 
on  COD  (<15  percent  removal). 

In  a  second  phase  of  this  study  Foree  and  Reid  examined  the  anaerobic 
stabilization  of  landfill  leachates  by  conventional  anaerobic  digestion  and 
anaerobic  filtration. 1^2  Both  effectively  and  efficiently  stabilized  raw  san¬ 
itary  landfill  leachates.  Table  33  indicates  that  Digester  4  was  the  most 
effective  of  the  five  included  in  the  experiment.  It  had  a  detention  time  of 
20  days  at  95°F  with  no  nutrient  or  lime  additions.  This  digester  had  a  COD 


lOlfi*  N.  Cook  and  E.  G.  Foree,  "Aerobic  Biostabilization  of  Sanitary  Landfill 
Leachate,"  Journal  of  the  Water  Pollution  Control  Federation,  Vol  46,  No. 
2,  pp  380-392. 

I02g,  (;.  Foree  and  V.  M.  Reed,  Anaerobic  Biological  Stabilization  of  Sanitary 
Landfill  Leachates,  UTK  TR65-73-CE-17  (University  of  Kentucky,  1973),  43 

pp. 
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Table  32  (Cont'd) 


0  10  20  30  40 

TIME  OF  OPERATION,  DAYS 

Figure  5.  Activated  sludge  COD  removal  efficiencies  for  detention 

times  of  5  and  10  days.  (From  E.  N.  Cook  and  E.  G.  Foree, 
"Aerobic  Biostabilization  of  Sanitary  Landfill  Leachate," 
Journal  of  the  Water  Pollution  Control  Federation,  Vol  46, 

No.  2,  pp  386) . 

removal  efficiency  of  over  95  percent  and  methane  production  of  (0.2  cu 
ft/gal).  This  system  had  a  stable  microbial  population,  efficient  nutrient 
use,  and  an  optimum  pH.  Digesters  1,  3,  and  5  with  nutrient  and/or  lime  addi¬ 
tion  and  10-  or  20-day  detention  times  at  95°F  also  performed  adequately,  but 
somewhat  less  satisfactorily.  Digester  2,  which  was  operated  at  65°F  was 
least  satisfactory,  but  its  poor  performance  could  be  predicted  from  online 
digesters  running  at  65°F. 

An  anaerobic  filter  was  made  from  a  6-ft  by  6-in. -diameter  Plexiglas 
column  which  was  filled  with  crushed  limestone  and  sealed  at  the  ends.  It  had 
a  total  volume  of  1.16  cu  ft  with  a  0.5  cu  ft  void  space.  Leachate  was  pumped 
continuously  Into  the  bottom  of  the  filter  at  a  rate  of  0.4  gal/day.  COD 
removal  efficiency  was  96  percent,  and  methane  production  was  0.65  cu  ft/gal 
of  leachate  produced.  Nutrients  were  used  efficiently,  an  optimum  pH  was 
maintained,  and  the  effluent  was  odorless.  Effluent  polishing  with  an 
activated  sludge  unit  Increased  the  overall  COD  removal  only  to  96.5  percent. 
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Tilt1  advantages  of  tile  anaerobic  system  over  the  aerobic  activated  m!ii<Ijv 
system  studied  by  Cook  and  Foree  were  the  net  production  of  methane,  lower 
biological  solids  production,  and  the  absence  of  on  oxygen  requirement,  which 
made  aeration  equipment  unnecessary.  The  results  of  both  experiments  are  com¬ 
pared  in  Table  34.  Foree  and  Reid  summarize  their  results  as  follows:  "The 
activated  sludge  unit  with  effluent  polishing  provides  the  most  effective 
treatment.  However,  this  system  would  generally  be  more  elaborate  and  more 
expensive  than  any  of  the  other  treatment  systems  evaluated.  The  performance 
of  an  anaerobic  filter  followed  by  a  small  activated  sludge  unit  would  compare 
favorably  with  that  of  the  larger  aerobic  system.  The  filter  and  digester 
rank  third  in  treatment  efficiency."  Unfortunately,  nonaerated  lagooning  sys¬ 
tems  with  longer  detention  times  were  not  evaluated. 

Preliminary  laboratory-scale  results  from  Boyle  and  Ham  indicate  that 
biological  treatment  of  sanitary  landfill  leachates  effectively  removes  a  sub¬ 
stantial  portion  of  the  organic  pollutants . 103  Both  aerobic  and  anaerobic 
treatment  gave  over  90  percent  BOD  reduction.  Anaerobic  treatment  was  effec¬ 
tive  with  hydraulic  retention  times  of  10  days  or  more  and  temperatures 
between  73.4  and  86°F.  A  temperature  coefficient  averaging  1.11  was  estimated 
over  this  temperature  range  for  anaerobic  BOD  removal  rates  in  laboratory 
vessels.  Temperatures  below  73.4°F  again  were  the  main  cause  of  system  inef¬ 
ficiency.  Boyle  and  Ham's  digesters  were  run  down  to  51.8°F.  Heavy  metals 
were  present  in  the  raw  leachate  but  had  no  apparent  effect  on  the  activity  of 
the  anaerobic  digesters;  the  units  operated  for  more  than  14  months  without 
noticeable  deterioration  of  gas  generation  rates  or  COD  reduction.  Aerobic 
polishing  of  the  anaerobic  effluents  produced  BOD  vales  (40  rag/L)  that  would 
permit  surface  water  discharge. 

In  another  bench-scale  experiment,  completely  mixed,  aerated  vessels  were 
operated  on  a  fill  and  draw  basis  with  landfill  leachates.  Detention  times  of 
only  5  days  with  loading  of  less  than  0.5  kg  COD/m-Vday  gave  93  percent  COD 
removal  efficiencies  over  a  6-week  period.  Shorter  detention  times  or  higher 
loadings  lowered  removal  efficiencies  considerably.  The  anaerobic  treatment 
systems  were  recommended.  The  aerobic  systems  required  more  energy  and  foamed 
excessively.  Furthermore,  the  solids/liquids  separation  were  poor  in  bench- 
scale  units.  No  passive  (nonaerated)  aerobic  systems  were  included  in  this 
study . 

In  addition,  Boyle  and  Ham  showed  that  leachate  could  be  added  to  domes¬ 
tic  wastewater  in  an  extended  aeration,  activated  sludge  plant.  The  leachate 
level  could  be  at  least  5  percent  by  volume  (leachate  COD  =  10,000  mg/L) 
without  seriously  impairing  effluent  quality  (Table  35).  More  than  5  percent 
leachate  by  volume  resulted  in  substantial  solids  production,  increased  oxygen 
uptake  rates,  and  poorer  mixed  liquor  separation  in  the  plant. 


1 0 ^Estimating  Waste  Treatment  Costa,  Vol  3;  Cost  Curves  Applicable  to  2,500 
gpd  to  irOmgd  Treatment  Plants,  EPA-600/2-79-162c  (U.S.  Environmental  Pro¬ 
tection  Agency,  Municipal  Environment  Research  Laboratory,  1979). 


Table  35 


Effects  of  Landfill  Leachate  influent  Additions  on  Extended  Aeration 
Sewage  Treatment  Plant  Effluents 

(From  Estimating  Waste  Treatment  Costs,  Vol  3:  Cost  Curves  Applicable 
to  2,500  gpd  to  1.0  mgd  Treatment  Plants,  EPA-600/2-79-162c  (U.S.  Environmental 
Protection  Agency,  Environmental  Research  Laboratory,  1979).) 
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COD 

BOD, 

Solids 

Produced 

L  p  t  eic  e  , 

Percent 

Percent 

Percent 

Per cen t 

Percent 

Leachate 

mg/L 

Increase 

Increase 

mg/ day 

Increase 
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0 

30 

— 

— 

82 

— 
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1 

24 

0 

0 
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35 
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31 
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8 
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80 
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5 

38 

26 

53 
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10 

59 

97 
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20 

113 

276 

1040 

722 
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Ho,  Boyle,  and  Ham  also  studied  bench-scale  chemical  treatment  of  sani¬ 
tary  landfill  leachates. Two  chemicals  were  tried  as  chemical  precipl- 
tants:  lime  and  sodium  sulfite.  Lime  gave  better  treatment,  but  neither  per¬ 

formed  satisfactorily  on  raw  leachates.  Iron  and  color  were  removed  at  high 
chemical  doses;  but  there  was  no  significant  COD  removal,  and  a  large  amount 
of  sludge  was  produced.  Alum  and  ferric  chloride  as  chemical  coagulants  gave 
quite  similar  results.  Both  produced  very  large  amounts  of  sludge.  Excellent 
removal  of  iron  and  color  was  noted,  but  little  COD  and  dissolved  solids  remo¬ 
val  occurred  —  even  at  very  high  doses.  For  example,  at  pH  7.0,  only  16  per¬ 
cent  COD  removal  was  produced  with  a  ferric  chloride  dose  of  1000  mg/L.  Alum 
did  not  reduce  COD  at  all. 

Chlorine,  calcium  hypochlorite,  potassium  permanganate,  and  ozone  were 
also  tried  as  chemical  oxidants  In  raw  leachate  treatment.  COD  reduction  was 
evident  with  all  oxidants,  but  again  very  high  doses  were  required.  At  1200 
rag/L  chlorine,  removal  of  COD  was  25  percent;  at  8000  rag/L  calcium  hypochlor¬ 
ite,  48  percent;  at  10  000  rag/L  potassium  permanganate,  20  percent;  and  after 
4  hours  of  ozone  treatment,  the  COD  removal  was  only  37  percent.  Chloride 
content  was  increased  greatly  by  the  chlorine  and  hypochlorite  treatments,  and 
hardness  increased  significantly  during  hypochlorite  treatment.  Neither  ozone 
nor  hypochlorite  produced  much  sludge.  None  of  the  oxidants  was  very  promis¬ 
ing  in  the  primary  treatment  of  high  strength  leachates. 


Ho,  W.  C.  Boyle,  and  R.  K.  Ham,  "Chemical  Treatment  of  Leachates  from 
Sanitary  Landfills,"  Journal  of  Water  Pollution  Control  Federation,  Vol  46, 
No.  7  (1974),  pp  1776-1791. 


Boyle  and  Ham  also  evaluated  the  use  of  activated  carbon  with  landfill 
leachate . 105  Granular  activated  carbon  at  doses  of  at  least  400  mg/L  were 
necessary  to  obtain  maximum  COD  removal  in  a  30--mlnute  period  of  treatment  for 
landfill  leachate.  Sample  laboratory  column  tests  were  encouraging,  giving 
significant  color  and  odor  reduction  after  a  detention  time  of  four  minutes, 
and  removal  of  all  color  and  odor,  55  percent  COD,  and  60  percent  iron  after 
about  20  minutes.  The  authors  concluded  that  the  performance  of  a  given 
chemical/ phys leal  treatment  option  may  be  expected  to  vary  significantly  as 
the  characteristics  of  the  leachate  change.  Chemical  processes  are  quite 
specific  in  their  capability  to  remove  contaminants  from  leachates.  It  seems, 
therefore,  that  chemical  treatment  methods  may  be  tailored  most  advantageously 
to  complement  biological  treatment  of  sanitary  landfill  leachates. 

Chian  and  DeWalle  have  made  extensive  studies  of  sanitary  landfill 
leachate  composition^^  ancj  treatment  techniques.^7  They  studied  the  COD 
removal  efficiencies  of  an  anaerobic  filter;  benchtop,  aerated  digesters;  and 
an  activated-sludge  unit  treating  combined  landfill  leachate  and  municipal 
sewage.  The  effectiveness  of  physical/chemical  treatment  of  raw  and  biologi¬ 
cally  pretreated  leachates  was  also  addressed. 

A  completely  mixed  anaerobic  filter.  In  which  the  influent  organic  matter 
concentration  was  diluted  with  recirculated  effluent,  effectively  removed 
organic  matter  concentrations  in  high-strength  municipal  solid  waste  leachate 
over  a  range  of  organic  loadings  and  shock  loads. ^0®  Recirculation  of 
effluent  can  effectively  increase  the  acidic  pH  of  the  feed  to  a  value  close 
to  the  optimum  for  the  anaerobic  organisms  in  the  filter.  Thus,  it  is  not 
necessary  to  add  the  costly  buffer  solutions  required  in  a  plug-flow  filter. 
This  step  also  dilutes  the  influent,  greatly  lessening  the  probability  of 
toxic  levels  of  ammonia  or  high  COD.  In  the  anaerobic  filter,  complex  organ¬ 
ics  in  the  feed  a-e  hydrolyzed  first  by  acid  fermenting  bacteria  to  free  vola¬ 
tile  fatty  acids.  These  are  primarily  acetic  and  butyric  acids,  which  in  turn 
are  removed  by  methanogenlc  bacteria  (converted  to  methane  and  carbon  diox¬ 
ide).  The  methane  in  the  generated  gases  accounted  for  93  percent  of  the  COD 
removal  of  the  unit,  while  a  solids  balance  indicated  that  only  0.012  g  of 
volatile  suspended  solids  was  produced  per  gram  of  COD  removed.  Because  of 
the  low  solids  production  and  the  initial  seeding  of  the  unit  with  digested 
sludge,  no  nutrient  additions  were  required  during  the  519-day  operating 
period  —  even  though  the  C0D:P  and  C0D:N  ratios  in  the  feed  were  as  high  as 
4360:1  and  39:1,  respectively.  Although  some  possible  heavy  metal  toxicity 
was  observed  (because  of  high  copper  concentrations  building  up  in  the  recir¬ 
culated  system),  a  single  precipitation  of  heavy  metals  by  sodium  sulfide 
addition  (75  mg/L)  to  the  feed  solved  the  problem,  and  the  filters  rapidly 
returned  to  normal.  A  high  percentage  of  organic  matter  removal  was  observed 
when  the  hydraulic  detention  time  was  maintained  above  7  days.  Shorter  deten¬ 
tion  times  produced  considerably  lower  removal  percentages. 

Aerated  digester  treatment  of  high  strength  leachate  (COD  of  57  900  mg/L) 
removed  between  93  and  96.8  percent  of  the  organic  matter.  This  was  done 
without  any  pretreatment  of  the  Influent  at  hydraulic  detention  times  ranging 
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from  85.7  days  to  as  Lew  as  7  days,  and  loadings  varying  between  0.67  kg 
COD/m-Vday  for  the  85.7-day  unit  to  5.0  kg  COD/m^  for  the  7-day  unit  (Table 
36).  Nitrogen  and  phosphate  addition  Increased  the  efficiency  of  digesters 
with  short  detention  times  and  high  loading.  Units  with  a  retention  time  of 
85.7  days  and  60  days  could  be  operated  with  a  C0D:P  raLlo  of  1540:1  in  the 
feed  solution,  but  the  ratio  in  the  influent  of  the  30-day  unit  had  to  be  at 
least  300:1.  Stopping  nutrient  addition  at  a  COD:P  ratio  of  165:1  to  the 
units  operated  at  short  detention  times  (less  than  30  days)  caused  an  immedi¬ 
ate  increase  in  effluent  organic  matter,  a  decrease  in  biological  mixed  liquor 
volatile  suspended  solids,  and  a  deterioration  of  the  sludge  settling  charac¬ 
teristics.  All  units  had  high  removals  of  heavy  metals,  especially  iron 
(>99.9  percent),  calcium  (99.3  percent),  and  magnesium  (75.9  percent).  Lower 
removal  efficiencies  were  observed  for  sodium  (24.1  percent)  and  potassium 
(17.0  percent).  The  TOC  and  COD  results  are  summarized  in  Table  36. 

High  strength  leachates  could  not  be  effectively  treated  by  physical/ 
chemical  treatment  methods  such  as  activated  carbon  adsorption,  chemical  pre¬ 
cipitation,  or  chemical  oxidation . 109  Activated  carbon  had  a  relatively  low 
sorptLve  capacity  when  used  to  treat  high  strength  leachates.  Free  volatile 
fatty  acids,  the  major  constituents  of  such  leachates,  have  a  relatively  low 
sorptive  capacity;  even  lower  capacities  were  found  for  the  nonfatty-acid 
fraction  in  leachate  using  activated  carbon  adsorption  isotherms.  Although  an 
initial  removal  rate  as  high  as  72  percent  was  obtained  in  activated  carbon 
columns  with  diluted  leachate,  much  lower  removal  percentages  were  observed 
after  passage  of  several  bed  volumes.  Almost  complete  breakt lirough  occurred 
after  fewer  than  200  bed  volumes.  The  column  studies  also  illustrated  the 
lower  removal  rate  for  the  nonfatty  acid  fraction  in  leachates.  Additional 
problems  with  activated  carbon  treatment  resulted  because  head  loss  developed 
rapidly  in  the  column  with  the  formation  of  iron  precipitates;  although  most 
of  these  precipitates  were  removed  in  the  first  backwash,  difficulty  was  again 
encountered  in  subsequent  runs  on  the  same  columns. 

Substantially  higher  adsorptive  capacities  of  activated  carbon  were  found 
for  biologically  pretreated  leachate.  Removal  of  biodegradable  organics  with 
an  anaerobic  filter  Increased  the  adsorptive  capacity  of  the  carbon  columns  by 
50  percent.  Aerated  digester  treatment  of  the  anaerobic  filter  effluent 
further  removed  low  molecular  weight  organics,  resulting  in  an  adsorption 
capacity  of  0.174  mg  TOC/mg  carbon,  a  value  about  2.5  times  that  observed  for 
untreated  leachate.  Batch  sorption  tests  showed  that  color  and  aromatic 
hydroxyls  are  removed  at  lower  carbon  dosages  than  are  high-molecular-weight 
carbohydrate-like  materials.  The  highest  removal  rates  were  observed  for  ful- 
vic  acid-like  organics  of  Intermediate  molecular  weight.  The  increase  in 
removal  rates  of  organics  in  anaerobic  flLter  effluent  treated  by  aerated 
digesters  was  attributed  to  the  higher  adsorption  characteristics  of  the  low- 
molecular-weight  organics. 

Organic  matter  removal  by  lime  precipitation,  both  before  and  after  aera¬ 
tion,  produced  removal  rates  as  low  as  20  to  25  percent;  this  removal  was 
obtained  only  with  excessively  large  dosages.  Other  physical/chemical  methods 
tested,  such  as  ozonation  and  chlorination,  resulted  in  similarly  low  organic 
matter  removal  rates.  These  results  clearly  show  that  physical/cheraical 
treatment  methods  are  not  feasible  for  high-strength  leachates  and  that 
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Characteristics  of  Effluent  From  Aerated  Digester  With  Sufficient 

Nutrient  Addition 

>m  Evaluation  of  Leachate  Treatment;  Vol  II:  Biological  and  Physic al- 
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extensive  biological  pretreatment  Is  required.  Of  all  pbys Ical/chemlcal 
methods  tested,  activated  carbon  treatment  produced  the  highest  organic  matter 
removal  rates. 

Reverse  osmosis  using  cellulose  diacetate  and  a  special  thin,  two-layered 
membrane  was  attempted  on  raw  leachate.  After  the  pH  of  the  leachate  was 
adjusted  to  8.0  with  NaOH  to  increase  the  disassociation  of  the  organic  acids, 
and  at  a  pressure  of  600  psi,  both  membrane  systems  provided  adequate  separa¬ 
tion  (>95  percent)  on  high-strength  leachates  (TOC  =  13  000  to  18  600  mg/L). 
However,  fouling  of  the  membrane  was  a  serious  problem.  Successive  runs,  even 
after  washing,  showed  fluxes  of  less  than  25  percent  of  the  original;  addi¬ 
tional  runs  decreased  the  flux  even  more.  Therefore,  the  method  seems  to  be 
completely  impractical  for  landftLl  leachates  —  unless  suspended  solids,  col¬ 
loidal  materials,  and  iron  hydroxides  are  effectively  removed  before  reverse 
osmosis. 

Chian  and  Dewalle  also  studied  different  physical/chemical  treatment 
methods  for  polishing  the  effluent  from  the  aerobic  digester  discussed 
above. While  only  48  percent  of  the  TOC  was  removed  after  a  3-hour  period 
of  ozonation,  activated  carbon  columns  were  able  to  remove  86  percent  with  an 
empty  bed  detention  time  of  3.7  minutes.  A  weak-base  anion  exchange  resin 
provided  a  59  percent  initial  COD  removal,  while  82  and  85  percent  of  the  COD 
was  initially  removed  using  strong-base  anion  exchange  resins.  Reverse 
osmosis  was  the  only  process  able  to  remove  91  to  96  percent  of  the  salts  ini¬ 
tially  present  at  a  total  dissolved  solids  concentration  of  6200  mg/L.  The 
organic  matter  removal  by  reverse  osmosis  ranged  from  85  to  97  percent;  these 
removal  rates  were  not  improved  by  ion  exchange  or  activated  carbon  pretreat¬ 
ment.  The  flux  through  the  membranes  was  relatively  high,  and  membrane  foul¬ 
ing  was  relatively  insignificant  if  the  suspended  solids  were  removed  from  the 
influent.  Sand  filtration  or  chemical  precipitation  are  a  necessary  pretreat¬ 
ment  for  reverse  osmosis  units. 


Combined  Treatment  of  Leachate  and  Municipal  Sewage 

A  conventional  plugflow,  activated  sludge  unit  receiving  municipal  sewage 
effectively  treated  a  high  strength  leachate  containing  high  concentrations  of 
free  volatile  fattyacids  such  as  acetic  and  butyric  acids. Immediately 
after  the  leachate  was  added  to  the  stable  sewage  treatment  unit,  some 
deterioration  in  effluent  quality  was  observed.  But  after  acclimation, 
effluent  BOD  values  of  the  test  unit  receiving  low  leachate  additions  were 
generally  comparable  to  those  of  the  control  unit.  While  BOD  values  were  not 
greatly  affected,  COD  concentrations  showed  a  gradual  increase  with  increasing 
leachate  addition,  indicating  that  the  larger  quantities  of  refractory  organ¬ 
ics  in  the  influent  leachate  were  being  released  from  the  test  unit.  The  test 
unit  could  not  treat  the  high-strength  leachate  at  4  percent  or  more  of  the 
influent  flow  rate.  Above  4  percent  leachate,  increasing  BOD  concentrations 
appeared  in  the  effluent,  and  sludge  characteristics  deteriorated. 
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Pilot  and  Full-Scale  Studies 


The  first  full-scale  demonstration  of  a  mixed  municipal  landfill  leachate 
treatment  plant  was  installed  at  the  GROWS  landfill  in  Bucks  County,  PA. ^2 
The  system  was  designed  for  a  100-gpm  flow  rate.  A  schematic  flow  diagram  of 
the  current  plant  is  shown  in  Figure  6.  The  system  was  built  so  that  dif¬ 
ferent  arrangements  of  the  treatment  modules  could  be  used  with  minor  modifi¬ 
cations.  Four  different  treatment  configurations  have  been  tested  exten¬ 
sively  . 

Configuration  No.  1  consisted  of  lime  addition,  sedimentation,  air- 
stripping,  neutralization  (with  acid),  nutrient  supplementation,  and  activated 
sludge  treatment  (Figure  6).  Results  of  10-  and  13-month  testing  periods  for 
this  system  are  given  in  Table  37.  Influent  flow  rates  of  21,000  and  10,000 
gpd  were  maintained  for  the  test  periods.  BOD  removal  was  over  99  percent  for 
the  first  period  but  dropped  to  95  percent  for  the  second,  while  ammonia  remo¬ 
val  was  89  and  99  percent  for  the  same  periods.  COD  removal  averaged  95  per¬ 
cent  for  both.  Plant  performance  was  very  good  during  both;  but  on  the  aver¬ 
age,  effluents  exceeded  discharge  limits  for  BOD,  ammonia,  cadmium,  and  lead 
during  one  or  both  periods  (Table  37).  Costs  for  operation  and  maintenance  of 
the  plant  are  shown  in  Table  38. 

Configuration  No.  2  included  only  physical/chemical  treatment  (actually 
the  first  four  steps  of  configuration  No.  1).  The  treatment  sequence  included 
equalization,  lime  addition,  sedimentation,  and  air  stripping  of  ammonia. 
Leachates  were  further  treated  biologically  or  returned  to  the  landfill. 
Results  of  these  treatments  are  shown  in  Table  39;  data  are  averages  over  dif¬ 
ferent  time  periods,  so  they  cannot  be  directly  compared.  The  data  for 
ammonia  stripping  also  Include  lime  treatment.  Lime  treatment  alone  removed 
77  percent  of  the  suspended  solids,  61  percent  of  the  COD,  and  52  percent  of 
the  BOD.  It  also  removed  90  percent  of  the  phosphate  (which  limited  further 
biological  treatment).  Metal  removal  was  also  good,  with  53  percent  of  the 
magnesium  removed;  36  to  39  percent  of  sodium  and  potassium;  60  to  70  percent 
cadmium,  chromium,  nickel,  lead,  and  mercury;  75  percent  of  copper;  and  97  to 
99  percent  of  the  iron  and  zinc.  Further  ammonia  stripping  (lagoon  aeration) 
of  the  settled,  limed  leachate  removed  50  percent  of  the  ammonia  and  Kjeldahl 
nitrogen.  Additional  losses  of  dissolved  solids,  BOD,  magnesium,  calcium,  and 
chloride  reflected  additional  settling  time  in  the  ammonia  stripping  lagoon  or 
differences  in  overall  leachate  concentrations  during  the  different  treatment 
periods.  Actual  costs  of  conf lgurat ion  No.  2  treatment  are  shown  in  Table  40. 

Configuration  No.  3  consisted  of  reversing  the  biological  and 
physical/cheraical  stages  so  that  the  raw  leachates  first  entered  the  biologi¬ 
cal  stage  followed  by  lime  polishing  of  the  effluent.  Configuration  No.  4 
consisted  of  the  effluent  from  biological  treatment  alone.  Both  these  treat¬ 
ment  sequences  were  run  after  the  activated  sludge  had  become  acclimated  to 
the  leachate.  Results  consisting  of  4-month  average  values  for  these  confi¬ 
gurations  are  given  in  Table  41.  Biological  treatment  alone  (configuration 
No.  4)  did  not  meet  the  discharge  standards  for  ammonia,  cadmium,  chromium, 
iron,  lead,  and  zinc,  although  BOD  was  significantly  reduced.  This  treatment 
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Schematic  flow  diagram  of  GROWS  leachate  treatment  plant:  Configuration  No. 


¥er*r.*\  1  vania  discharge  permit. 


Table  38 


Operating  and  Maintenance  Costs  for  Configuration  No.  1  During 

Both  Trial  Periods 

(Adapted  from  B.  J.  Stoll,  "Demonstrating  Leachate  Treatment,"  in  Municipal 
Solid  Waste:  Land  Disposal.  EPA-600/ 9-79-023a  [U.S.  Environmental  Protection 

Agency,  1979],  pp  313-323.) 


Component 

gal/ 1000  gaL 

S/1000  gaJ 

Lime  (lb/ 1000  gal) 

36.4 

1.10 

Sulfuric  acid 

0.13 

0.10 

Phosphoric  acid 

0.019 

0.05 

Sodium  hydroxide 

0.123 

0.08 

Sodium  hypochlorite 

0.15 

0.11 

Power 

— 

1.92 

Total  Cost 

— 

3.36 
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Summary  of  Effects  of  Configuration  No.  2  —  Chemical/Physical 

Treatment  Only 

(Adapted  from  B.  J.  Stoll,  "Demonstrating  Leachate  Treatment,”  in  Municipal 
Solid  Waste:  Land  Disposal,  EPA-600/9-79-023a  [U.S.  Environmental  Protection 

Agency,  1979J ,  pp.  313-323.) 


Table  40 


Operation  and  Maintenance  Costs  of  Configuration  No.  2 
(Adapted  from  B.  J.  Stoll,  "Leachate  Treatment  Demonstration,"  in 
Municipal  Solid  Waste:  Land  Disposal.  EPA-600/9-79-023a 
[U.S.  Environmental  Protection  Agency,  1979],  pp  313-323*) 


During  Operation  During  Operation 

Parameter  Without  Equalization  Lagoon  With  Equalization  Lagoon 


Time  span,  months 

8.0 

20.5 

Flow,  average,  gpd 

22  805 

38  618 

Lime,  lb/1000  gal 

29.7 

19.40 

NaOH,  gal/ 1000  gal 

0 

0.044 

NaOCI ,  gal/ 1000  gal 

0 

0.054 

Costs,  $/1000  gal 

Power 

1.48 

1.70 

Lime 

.89 

o 

s-n 

cc 

NaOH 

0 

.01 

NaOCI 

0 

.  0-4 

Total 

2.37 

2.35 

90 


by  lime  clarification  brought  the  effluent  under  discharge  standards  on  the 
average  —  except  for  ammonia  and  lead.  Detention  times  in  the  extended- 
aeration,  activated-sludge  reactors  during  this  time  were  not  given;  but  at 
design  flow,  the  raw  leachate  would  have  had  only  a  6-hour  retention  time.  If 
the  flow  was  25  percent  of  the  design  flow  during  this  time,  the  average 
detention  time  would  have  been  about  1  day. 

From  the  results  of  testing  the  four  1 reatment  configurations,  Stoll  con¬ 
cludes  that  "treatment  of  leachate  from  this  landfill  must  include  biological 
treatment  preceded  by  chemical/physical  processes"  to  meet  discharge  stan 
dards.  Dilution  of  influent  leachate  to  lower  COD  and  ammonia  levels  and  long 
detention  times  were  not  Included  in  the  testing.  Stoll  recommends  a  sequence 
of  treatment  units  like  configuration  No.  1  to  adequately  treat  landfill 
leachates  to  discharge  standards.  The  most  significant  problem  encountered 
was  variability  in  leachate  quantity  and  quality.  The  original  treatment 
plant  was  designed  incorrectly;  according  to  Stoll,  "the  design  leachate 
characteristics ... [were]  highly  inaccurate"  because  they  underestimated  con¬ 
stituent  levels  (especially  BOD  and  ammonia)  and  overestimated  flow  rates. 

There  are  two  key  problems  in  designing  and  operating  treatment  systems. 
Since  the  final  parameters  of  leachate  flow  and  quality  are  not  known,  the 
designer  must  rely  upon  the  literature  for  "typical"  leachate  quality;  this 
information  must  be  modified  by  leachate  quality  prediction  techniques.  In 
addition,  variations  in  leachate  quality  cause  serious  difficulty  for  the 
operator  attempting  to  automate  chemical  additions  and  detention  times.  Only 
frequent  analysis  of  the  influent  leachate  and  subsequent  adjustment  of  the 
chemical  feed  can  produce  the  desired  result. 


Land  Appl icatlon  Expe rience 

At  the  Mercer  County,  WV,  sanitary  landfill,  spray  irrigation  for  land 
disposal  of  leachate  has  been  used  effectively  since  1973  to  decontaminate  the 
wastewater. Application  rates  were  0.2  in. /hr  from  sprinklers  operating  on 
a  pressure  of  35  psi  for  3  or  6  hours  once  each  week  (0.75  and  1.5  in. /week). 
Total  application  amounts  were  14.8  to  60.5  in.  for  8  months  each  year. 

Organic  and  elemental  pollutants  in  the  leachate  declined  to  generally  accept¬ 
able  levels  without  affecting  soil  permeability  as  water  percolated  through 
23.4  in.  of  soil.  Subsoil  acidity  was  decreased  by  the  addition  of  calcium 
and  magnesium  to  the  leachates.  Manganese  concentrations  exceeded  water  qual¬ 
ity  standards  during  intense  irrigation  periods,  but  fell  to  acceptable  levels 
during  rest  periods.  Soils  retained  calcium,  magnesium,  potassium,  iron,  and 
zinc  in  the  surface  layer;  but  sodium,  aluminum,  and  manganese  were  dispersed 
throughout  the  soil  profile. 

Native  deciduous  trees  and  introduced  forage  grasses  generally  withstood 
leachate  irrigation,  but  tended  to  concentrate  materials  from  the  waste. 
Chlorides  Increased  in  most  foliage,  while  elevated  concentrations  of  iron, 
manganese,  sodium,  sulfur,  and  nitrogen  were  noted  in  early  season  growth. 

Tall  fescue  and  Reed  canarygrass  contained  higher  elemental  levels  than  other 

a,  Menser,  W.  M.  Wlnant,  and  0.  L.  Bennett,  Spray  Irrigation;  A  l,and 
Disposal  Practice  for  Decontaminating  Leachates  from  Sanitary  Landfills, 
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grasses  (orchardgrass,  bromegrass,  and  midland  and  tufcote  bermuda) .  All 
grasses  except  bromegrass  persisted  well.  Red  maple,  yellow  poplar  (tulip 
tree),  black  locust,  and  sassafras  tolerated  leachate,  but  sourwood  trees 
died.  Clnquefore,  ground  pine,  and  wild  strawberry  were  eliminated  by  the 
leachate  application  and  replaced  by  poison  ivy,  Virginia  creeper,  and  wild 
blackberry.  Lime  and  phosphate  fertilizers  aided  forage  grass  establishment. 
No  hazardous  levels  of  potentially  toxic  heavy  metals  (copper,  chromium,  cad¬ 
mium,  lead,  or  nickel)  were  found  in  soils,  vegetation,  or  soli  percolates. 
Noxious  odor  control  and  waste  stabilization  were  important  benefits  of 
leachate  aeration. 

Land  application  of  landfill  leachate  has  been  used  extensively  in 
Cornwall  County,  England. Table  42  gives  details  about  four  sites.  All 
land  application  installations  provide  efficient,  cheap  treatment  and  disposal 
of  leachate.  They  operate  continuously  through  widely  varying  flow  rates  with 
minimum  maintenance  and  supervision.  In  land  irrigation,  maximum  dosage  rates 
depend  on  rainfall  patterns,  and  land  and  soil  types.  In  areas  with  45  in.  of 
rain  per  year  —  such  as  Cornwall  —  dosage  rates  under  the  most  adverse  con¬ 
ditions  of  3000  gal/acre  can  be  used;  at  an  average  site,  dosages  of  5000 
gal/acre  are  not  unreasonable.  According  to  Rowe,  leachate  strength  is  of 
only  minor  importance;  leachate  with  BOD  values  over  500  mg/L  can  be  directly 
applied  to  land.  Oxides  of  iron  stain  vegetation  but  seem  to  have  no  serious 
effect  on  plant  life.  Plant  diseases  and  scorching  of  foliage  have  not  been 
excessive  nor  harmful. 


Lagoon  Treatment  of  Leachates:  Field  Experience 

One  of  the  landfill  leachate  treatment  systems  studied  most  often  is  the 
Martone  Landfill  in  Barre,  MA  (Figure  7).  This  small  landfill  (150  tons  of 
refuse  per  week)  was  designed  and  built  in  cooperation  with  the  University  of 
Massachusetts.  It  has  a  clay  liner  and  leachate  collection  system  specifi¬ 
cally  for  the  study  of  leachate  production  and  treatment.  The  system  uses 
aerobic  lagoons  which  are  1.6-ft  deep  and  are  built  at  the  toe  of  the  land¬ 
fill,  as  shown  in  Figure  8.  The  leachate  is  now  kept  in  one  of  four  lined 
ponds  for  a  90-day  retention  time.  After  this,  the  treated  leachate  is 
drained  into  a  larger  aerobic  polishing  pond  and  into  an  unlined  infiltration 
pond  from  which  it  percolates  into  the  soil.  During  several  years  of  opera¬ 
tion  and  testing  with  the  90-day  retention  time,  the  system  has  maintained 
about  99  percent  treatment  efficiency  for  BOD,  COD,  nutrients,  and  most 
metals.  This  treatment  system  has  proved  to  be  a  workable  and  reliable  opera¬ 
tion  which  requires  low  capital  investment,  relatively  small  land  area,  and 
low  operating  and  maintenance  labor  costs  (although  periodic  water  quality 
analyses  are  still  required). 

A  similar  system  has  now  been  built  at  a  30-acre  active  municipal  land¬ 
fill  in  Lowell,  MA.  The  leachate  is  collected  in  a  lined  lagoon  at  the  toe  of 
the  landfill.  Natural  drainage  is  used  to  collect  and  convey  the  leachate. 

The  collection  lagoon  has  three  mechanical  surface  aerators  (Figure  9). 
Effluent  from  this  lagoon  is  pumped  into  one  of  six  facultative  ponds  around 


C.  Ultoth  and  D.  S.  Mavinic,  "Aerobic  Bio-Treatment  of  High-Strength 
Leachate,”  Journal  of  Environmental  Engineer  Division,  Proceedings ,  Ameri¬ 
can  Society  of  Civil  Engineers,  Vol  102,  EE4  (1977),  pp  647-661. 
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Details  of  Land  Treatment  Facilities  at  Four  British  Landfills 
(Adapted  from  A.  Rowe,  "Tip  Leachate  Treatment  by  Land  Irrigation,"  Solid 
Wastes,  Vol  69,  No.  12  [  1979],  pp  603-623.) 
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SITE  PLAN 


Figure  7.  Schematic  diagram  of  Martone  aerobic  lagoon  treatment 
system  for  landfill  leachate* 


Figure  8.  Aerobic  leachate  treatment  lagoons  at  the  Martone  landfill* 
(The  landfill  is  above  the  lagoons  to  the  right*  The  longer 
pond  to  the  left  is  a  polishing  pond  where  the  leachates  are 
combined  after  90  days  in  one  of  the  four  treatment  ponds.) 


the  landfill.  These  ponds  have  a  90-day  retention  time  (Figure  10).  The 
effluent  from  the  ponds  is  then  pumped  either  to  an  infiltration  pond  or  a 
city  storm  sewer  (depending  on  effluent  quality). 

Extensive  testing  of  lagoon  treatment  of  leachates  from  simulated  land¬ 
fill  cells  has  been  carried  out  by  the  U.S.  Army  Corps  of  Engineers  Waterways 
Experiment  Station  (WES)  in  Vicksburg,  MS.  The  treatment  system  basically 
consists  of  a  series  of  three  shallow  (1.4-ft)  lagoons  having  a  30-day 
hydraulic  retention  time  per  cell  and  a  90-day  retention  overall.  Two  such 
systems  are  run  in  parallel  —  one  with  supplementary  aeration  during  the 
night,  and  the  other  without  aeration. 

The  lagoons  were  seeded  with  aerobic  sludge  from  the  secondary  clarifier 
of  the  local  treatment  plant.  The  system  was  acclimated  to  leachate  by  adding 
the  effluent  at  10  percent  of  the  design  organic  load,  and  increasing  this 
load  by  10  percent  each  day  until  100  percent  loading  was  reached.  Design 
loading  was  50  lb  BOD/acre/day .  Hydraulic  loading  was  13,700  gal/acre/day 
(438  mg/L  BOD);  extra  makeup  water  to  dilute  the  leachate  was  drawn  from  a 
local  creek.  The  amount  of  dilution  necessary  to  maintain  the  design  loadings 
was  calculated  from  dally  COD  determinations;  weekly  BOD  values  were  used  to 
adjust  the  BOD/COD  ratio.  COD  values  in  the  feedstock  varied  between  2500 
mg/L  and  17  500  mg/L,  averaging  5600  mg/L.  BOD  values  varied  between  about 
2000  and  12  500  mg/L,  averaging  3970  mg/L.  Mean  BOD/COD  ratio  in  feed 
leachate  was  0.71.  The  raw  leachate  feed  was  typically  diluted  3  to  10  times 
its  volume  with  creek  water,  depending  on  the  leachate's  BOD  level. 

Table  43  shows  the  mean  oxygen  demand  levels  of  the  effluents  from  the 
six  lagoons  over  the  118-day  experimental  period.  COD  was  lowered  to  about  86 
percent  of  its  influent  level  in  the  aerated  lagoon  series,  and  to  89  percent 
in  the  nonaerated  series.  BOD  treatment  efficiencies  averaged  about  97  per¬ 
cent  for  both  lagoon  series.  Ammonia  levels  in  the  leachate  were  lowered  by 
more  than  99.5  percent  in  both  cases.  The  weekly  mean  values  of  BOD  removal 
efficiency  for  the  two  lagoon  series  are  shown  in  Figures  11  and  12. 

The  capability  of  the  first  lagoon  in  each  rirles  to  remove  BOD  varies 
widely  between  70  and  95  percent.  The  second  lagoons  are  much  more  consistent 
in  both  series;  but  the  third  lagoon  produces  the  most  consistent  effluent 
quality  —  between  97  and  99  percent  removal. 

There  was  a  major  upset  in  both  lagoon  series  around  day  90.  The  cause 
is  thought  to  be  either  a  change  in  leachate  source  or  major  rainfall  which 
occurred  at  about  this  time.  In  both  systems,  the  BOD  removal  from  the  first 
two  lagoons  dropped  rapidly;  at  the  end  of  the  upset  period,  the  effect  of 
this  was  shown  in  the  effluent  from  the  third  lagoon  of  the  aerated  series. 
Both  systems  recovered  rapidly  and  were  back  to  high  treatment  efficiencies 
within  a  few  days. 

Table  44  gives  other  parameters  from  the  two  lagoons.  Oxygen  depletion 
would  be  expected,  but  none  was  shown  in  the  lagoons  of  the  aerated  series. 
Oxygen  levels  in  the  first  nonaerated  lagoon  dropped  dramatically  at  night  at 
6-in.  depth  and  even  remained  low  throughout  the  day  at  18  in.  The  second  and 
third  lagoon  in  the  nonaerated  series  had  normal  oxygen  levels  similar  to 
those  In  the  aerated  lagoons.  Algal  populations  were  very  high  in  the  first 
lagoons  and  dropped  dramatically  through  both  systems.  The  kinds  and  number 


Figure  9.  Aerated  treatment  lagoon  at  Lowell,  MA  landfill. 

(In  the  foreground,  note  pattern  of  bubbles  from 
one  of  the  three  mechanical  aerators.) 


Mean  Oxygen  Demand  and  Ammonia  Levels  of  the  Lagoon 
Effluents  Over  the  118-Day  Experiment 
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Figure  li.  BOD  removal  efficiencies  for  nonaerated  series  of  leachat 
treatment  lagoons  over  length  of  study  at  WES. 


DAYS  SINCE  ST AH  TUP 

Figure  12.  BOD  removal  efficiencies  for  aerated  series  of  leachate 
treatment  lagoons  over  length  of  study  at  WES. 


of  algae  present  varied  widely  from  day  to  day,  often  producing  a  surface 
blanket  on  the  first  and  sometimes  on  the  second  lagoons  (Figure  13). 

There  is  a  striking  reduction  of  COD  when  the  raw  leachate  is  stored  in  a 
closed  but  vented  cluster-tank  (seen  in  right  background  of  Figure  13).  Fig¬ 
ure  14  shows  that  the  COD  rapidly  decays  with  a  half  time  of  5  to  7  days. 

This  effect  is  thought  to  be  caused  by  the  loss  of  small,  volatil  organics, 
and/or  the  oxidation  of  ferrous  to  ferric  iron  by  atmospheric  oxygen.  Consid¬ 
erable  "treatment"  can  occur  simply  In  a  holding  tank. 

The  arrangement  of  three  lagoons  in  series  with  extended  hydraulic  reten¬ 
tion  times  is  successfully  treating  high-strength  landfill  leachate  at  WES. 

The  BOD  loading  of  the  shallow  lagoons  is  kept  at  SO  lb/acre/day  with  a  con¬ 
stant  hydraulic  loading  by  dilution  of  the  leachate  with  makeup  water  from  a 
local  creek.  Earlier  tests  with  100  lb/acre/day  BOD  loading  with  the  same 


Figure  13.  Leachate  study  facilities  at  WES.  (Aerated  lagoons  are 
cn  right,  nonaerated  on  left.  Note  cluster  tank  for 
leachate  storage  in  right  background.) 
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hydraulic  loading  caused  instability  and  frequent  break-through.  Deeper 
lagoons  should  allow  higher  organic  loading  without  instability. 


Another  variation  of  an  aerobic  lagoon  system  is  being  operated  at  Lycom¬ 
ing,  PA.  The  Lycoming  landfill  accepts  municipal  solid  waste  with  about  30 
percent  industrial  wastes.  It  is  equipped  with  a  20-mil  PVC  membrane  liner 
and  has  a  leachate  collection  system  designed  with  6-  to  8-in.  perforated 
pipes  installed  in  gravel  above  the  liner.  The  leachate  drains  are  intercon¬ 
nected  with  vertical  pipes  which  act  as  gas  vents  to  prevent  buildup  of 
methane  in  the  fill.  The  gas  vents  are  enclosed  in  vented  conduit.  The 
leachate  treatment  system  consists  of  a  lined  lagoon  with  two  mechanical  sur¬ 
face  aerators,  as  shown  in  Figure  IS.  Leachate  treated  in  this  lagoon  is 
recirculated  back  to  the  working  face  of  the  landfill  and  pumped  into  15-ft- 
deep  trenches  dug  through  the  compacted  refuse  (Figure  16).  The  leachate  has 
high  metals  load  because  of  the  large  amount  of  industrial  waste  accepted  and 
the  recycling  of  the  leachate  back  into  the  landfill.  The  high  metals  levels 
and  toxicity  of  the  leachate  Inhibit  most  of  the  biological  activity;  so  aera¬ 
tion  mainly  purges  volatile  organics  and  destroys  the  more  easily  oxidized 
components,  such  as  odorous  sulfur  compounds.  The  retention  time  in  the  col¬ 
lection  pond  is  usually  1  to  2  days.  Because  new  refuse  is  constantly  added 
to  absorb  the  recycled  effluent,  there  is  no  leachate  discharge.  However,  if 
leachate  must  be  discharged,  more  extensive  treatment  may  be  required. 


Figure  14.  BOD  and  COD  levels  in  closed,  vented  storage  tank  (491  gal) 
over  3  weeks. 


Figure  15.  Aerated  collector  pond  at  Lycoming,  PA.  (Note  gas 
vents  in  foreground.) 


Figure  16.  Backhoe  digging  trench  through  refuse  for  leachate  recycle 
at  Lycoming,  PA,  landfill.  Leachate  recycled  directly  into 
trenches. 


5  CHOOSING  A  TREATMENT  SYSTEM 


The  composition  and  biodegradability  of  leachates  varies  widely,  depend¬ 
ing  on  waste  types  and  densities,  and  landfill  ages.  Therefore,  no  single 
treatment  option  or  combination  of  options  can  be  recommended  for  all  cir¬ 
cumstances.  Selection  of  the  best  treatment  process  requires  knowledge  of  the 
quality  and  quantity  of  leachate  to  be  treated  and  the  specific  discharge 
requirements  of  the  site.  Treatment  systems  currently  adequate  may  become 
unsatisfactory  because  of  regulatory  revisions  or  changes  in  leachate  composi¬ 
tion  during  aging  of  the  landfill.  Fluctuations  in  leachate  quality  and 
strength  can  make  it  difficult  to  maintain  an  active  biomass  for  biological 
treatment  or  to  automate  chemical  treatment  systems. 


Biological  Treatment  Systems 

Treatment  systems  relying  on  biological  activity  are  most  effective  when 
used  on  leachates  from  recently  placed  refuse,  where  most  of  the  organic  car¬ 
bon  is  in  the  form  of  volatile  fatty-acids.  However,  biological  methods  do 
not  remove  as  effectively,  the  smaller  content  of  fulvic  acid-like  materials 
(and  to  a  lesser  extent  the  humic  carbohydrate-like  substances)  which  make  up 
the  rest  of  the  leachate.  This  means  that  the  less  concentrated  leachates 
from  older  landfills,  and  the  residuals  from  biological  treatment  of  young 
leachates,  are  better  treated  by  physical/chemical  methods.  The  combination 
of  biological  and  physical/chemical  treatment  methods  most  suitable  in  any 
given  circumstance  must  be  determined.  To  do  this,  one  should  estimate  the 
degree  of  stabilization  (or  age)  of  the  landfill  by  determining  the  COD  and 
BOD  levels  of  the  leachates  and  comparing  the  absolute  COD  levels  and  the 
BOD/ COD  ratio  with  the  values  given  in  the  leachate  composition  summary  in 
Chapter  2.  Active  organisms  can  be  seriously  inhibited  and  frequent  treatment 
breakdown  can  be  caused  by  toxic  organics  and  heavy  metals.  Therefore,  they 
should  be  identified  in  leachates  being  considered  for  biological  treatment. 

Aerobic  and  anaerobic  systems  have  been  given  extensive  bench-scale 
study;  both  effectively  remove  organics  and  other  constituents  from  landfill 
leachates. Table  45  summarizes  treatment  processes  and  their  removal  effi¬ 
ciencies.  In  all  cases,  good  removal  efficiencies  are  seen  with  residence 
time  over  10  days.  Full-scale  treatment  systems  have  almost  exclusively  used 
aerobic  conditions.  In  general,  conventional  activated  sludge  systems  do  not 
work  as  well  with  high-strength  leachates;  therefore,  dilution  with  clean 
water  or  plant  effluent  at  the  site  is  a  requirement.  The  activated  sludge 
systems  studied  require  retention  times  longer  than  5  days  to  prevent  system 


H-SEstlmating  Waste  Treatment  Costs,  Vol  3;  E.  N.  Cook  and  E.  G.  Foree; 

E.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  1;  E.  S.  K.  Chian  and  F.  B.  DeWalle, 
Vol  II;  V.  C.  Ultoth  and  D.  S.  Mavinic;  T.  Palit  and  S.  R.  Qasim,  "Biologi¬ 
cal  Treatment  Kinetics  of  Landfill  Leachate,"  Journal  of  Environmental  En¬ 
gineer  Division,  Proceedings  of  the  American  Society  of  Civil  Engineers, 

Vol  103,  EE2  (1977),  pp  353-366;  R.  Zapf-Gilje  and  D.  S.  Mavinic,  "Tempera¬ 
ture  Effects  on  Two-Stage  Biotreatment  of  Leachate,”  Proceedings  of  Ameri¬ 
can  Society  of  Civil  Engineers,  Environmental  Engineer  Division,  Specialty 
Conference  on  Environmental  Engineering  (1979),  825  pp;  R.  Stegmann  and  H. 
J.  Ehrlg. 


Table  45 


Summary  of  Removal  Efficiencies  of  Bench-Scale  Biological 
Treatment  Processes 


Process 

Leachate 

COD, 

mg/L 

Activated 

2700 

sludge 

360 

19 

000 

19 

000 

Anaerobic 

10 

600 

sludge 

10 

600 

13 

000 

13 

000 

27 

000 

27 

000 

Aerobic 

33 

000 

completely 

35 

000 

mixed 

35 

000 

15 

800 

15 

800 

Facultative 

lagoon 


Solids 
Residence 
Time.  Devs 

Removal 

Efficiency 

Percent 

5 

80  to  93 

9 

88.2 

15 

97.8 

25 

98.1 

10 

93.4 

12.5 

94.5 

10 

92 

20 

93  to  95 

10 

90 

10 

90 

7* 

97.1 

15* 

97.8 

30* 

98.5 

5* 

46.5 

10* 

97.7 

90* 

95  to  99 
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♦Hydrologic  retention  time. 


failure  and  to  develop  maximum  removal  efficiencies*  The  only  large-scale 
anaerobic  leachate  system  now  under  study  in  the  United  States  has  not  been 
effective  because  of  the  low  level  of  biodegradable  organic  materials  in  the 
feed.11** 


Landfill  leachate  is  sometimes  nutrient-limiting  in  phosphorus,  so  phos¬ 
phate  additions  are  often  recommended  to  Lncrease  system  efficiency  and  reduce 
retention  times. 117  Heavy  metal  toxicity  has  been  a  possible  problem  fn  only 
one  system  studied.11®  But  lime  and  sulfide  additions  as  a  pretreatmeni  Imve 
been  included  in  several  studies  to  remove  metals.11^ 


11®M.  P.  Scott. 

117E.  S.  K.  Chian  and  P.  B.  DeWalle,  Vol  II;  B.  J.  Stoll. 
11®E.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  II. 

11^E.  N.  Cook  and  E.  G.  Foree. 
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Applying  raw  or  seraitreated  leachates  to  natural  or  prepared  soils  by 
irrigation  techniques  is  gaining  wide  acceptabil i ty . 120  gang  application 
effectively  promotes  evaporative  losses,  removes  organics  by  microbial  degra¬ 
dation,  and  removes  inorganics  by  precipitation  or  ion  exchange  on  the  soil. 
Many  of  the  nutrient  materials  are  rapidly  taken  up  by  vegetation.  With  some 
conditions,  year-round  land  application  may  not  be  feasible,  and  a  storage 
lagoon  may  be  required.  Spraying  or  irrigation  is  done  only  during  dry 
periods  when  the  temperature  is  above  freezing.  Both  woodlands  and  grassland 
sites  with  soil  ranging  from  peat  to  sandy  to  clayey  have  been  used  success¬ 
fully  for  as  long  as  4  years  with  no  apparent  harmful  effects  or  toxic  accumu¬ 
lations.  The  major  long-term  problems  anticipated  are  metal  buildup  in  the 
soil  and  the  loss  of  contaminants  to  groundwater  or  surface  waters  at  the 
site. 


Leachate  recycle  can  be  considered  a  specialized  case  of  land  treatment 
in  which  the  area  being  used  for  leachate  application  is  the  landfill  itself. 
This  greatly  lessens  the  potential  for  contaminating  new  areas  and  guarantees 
that  the  raicroflora  of  the  soil  and  refuse  are  already  acclimated  to  the 
leachate's  properties.  °ohland  has  suggested  a  recycling  management  technique 
in  which  the  properties  of  the  leachate  are  adjusted  before  the  effluent  is 
sprayed  or  pumped  back  into  the  landfill. ^21  By  adjusting  leachate  pH  values 
or  nutrient  levels,  one  can  improve  the  biological  activities  occurring  in  the 
fill,  such  as  methane  production  or  degradation  of  organics.  Pilot-scale 
tests  have  indicated  that  leachate  recycling  greatly  accelerates  landfill  sta¬ 
bilization  and  can  shorten  the  time  that  leachate  treatment  may  be  neces¬ 
sary.  122 


Physlcal/Chemic al  Treatment  Sys terns 

Treatment  processes  using  physical  or  chemical  operations  have  also  been 
applied  experimentally  or  suggested  for  leachate  treatment;  several  have  been 
used  in  bench-scale  studies  of  leachate  treatment.  Carbon  absorption  or 
reverse  osmosis  appear  promising  for  removal  of  refractory  organics.  Chemical 
precipitation,  ion  exchange,  or  reverse  osmosis  may  be  used  best  for  metal  and 
total  dissolved  solids  removal.  Lime  addition  in  the  final  treatment  stage 
reduces  residual  organics  and  metals  In  activated  sludge  effluent,  but  the 
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Residual  Treatment,  EPA-600/2-7 5-043  (U.S.  Environmental  Protection  Agency, 
1973),  i 16"  pp;  F.  G.  Pohland,  "Leachate  Recycle  at  Landfill  Management 
Option,"  Journal  of  Environmental  Engineering,  Proceedings  of  the  American 
Society  of  ClviT  F.ngfneers  Vol  106,  EE6  ( 1980) ,  lT[TT05fT069.  ' 
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lime  dosages  are  so  large  that  they  are  uneconomical .123  Effluent  polishing 
by  carbon  absorption  is  also  effective  and  may  be  more  economical . 


Several  reports  on  the  use  of  a  variety  of  physical/chemical  treatment 
systems  on  high-COD  leachates  have  concluded  that  none  is  feasible  unless  pre¬ 
ceded  by  biological  treatment  which  reduces  the  COD. *25  chemical  oxidation  — 
using  chlorine,  hypochlorite,  permanganate  —  and  ozone  were  not  more  effec¬ 
tive,  and  all  required  prohibitively  expensive  doses  of  oxidant  for  treating 
leachates.  Reverse  osmosis  is  initially  effective  but  is  plagued  by  membrane 
fouling  and  loss  of  flow.  Adsorption  by  activated  carbon  appears  to  be  most 
effective,  but  is  still  unsatisfactory  on  raw  leachates  because  of  the  very 
high  levels  of  organics  and  fouling  of  the  columns. 


Estimating  Leachate  Treatment  Co s t s 

Chian  and  DeWalle  summarize  cost  estimates  for  treating  leachates  at  two 
BOD5  levels  and  flow  rates. 126  Details  about  calculating  the  cost  estimates 
are  given  in  the  appendix.  To  estimate  the  cost  of  treating  combined  leachate 
and  activated  sludge,  fixed  costs  of  $2/1000  gal  and  $6/1000  gal  of  leachate 
were  added  for  transporting  leachate  at  flow  rates  of  20  gpm  (30,000  gpd)  and 
2  gpm  (3000  gpd),  respectively.  The  $2/1000  gal  value  is  for  transporting 
leachate  by  pipeline,  while  the  1000  gal  figure  is  for  aultng  it  by  trucks 
within  a  radius  of  15  mi  (i.e.,  30-mi  round  trip).  To  transport  leachate  at  a 
flow  rate  of  2  gpm  by  pipeline  would  cost  around  $15/1000  gal  even  if  the 
pipeline  is  depreciated  over  a  20-year  period.  It  should  be  realized  that  the 
use  of  a  20-year  period  to  depreciate  fixed  installations  may  not  be  realistic 
since  the  strength  of  the  leachate  produced  would  be  reduced  greatly  over  such 
a  t ime . 

It  can  be  seen  from  Table  46  that  the  aerated  lagoon  provides  the  least 
expensive  method  of  treating  leachate  having  a  comparatively  low  BOD5  value 
(e.g.,  5000  mg/L)  and  relatively  high  flow  rate  (e.g.,  20  gpm).  At  a  20-gpra 
flow  rate,  as  the  BOD5  level  of  the  leachate  increases,  the  cost  of  treatment 
with  anaerobic  filters  becomes  increasingly  attractive;  at  a  BOD5  value  of 
25,000  mg/L,  the  cost  equals  that  of  the  aerated  lagoon  process  if  credit  for 
the  methane  gas  produced  (e.g.,  at  $1.50/1000  cu  ft)  is  deducted.  Taking  into 
consideration  the  treatment  level  and  thus  the  effluent  quality,  the  combined 
treatment  of  leachate  using  the  activated  sludge  process  becomes  most  desir¬ 
able  because  of  the  high  dilution  factor  —  especially  when  the  leachate  BOD5 
levels  are  low  and  the  flow  rates  high. 

It  should  be  noted  that  at  high  leachate  BOD5  levels  (i.e.,  25  000  mg/L), 
and  at  both  flow  rates  under  study,  the  costs  of  complete  leachate  treatment 
using  aerated  lagoons  and  physical/chemical  processes  (such  as  a  combination 
of  slow  sand  filtration,  activated  carbon  adsorption,  and  reverse  osmosis)  are 
comparable  to  those  for  combined  treatment  of  leachate  and  domestic  or  munici¬ 
pal  wastewater  by  activated  sludge.  The  effluent  quality  is,  however,  far 

123d.  W.  Graham  and  D.  S.  Mavinic. 

12Ag.  n.  Cook  and  E.  G.  Foree. 

125S.  Ho,  W.  C.  Boyle,  and  R.  K.  Ham;  E.  S.  K.  Chian  and  F.  B.  DeWalle, 

D.  W.  Graham  and  D.  S.  Mavinic. 
l26E.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  II. 
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better  wlieii  the  complete  treatment  scheme  is  used.  With  the  combined  munici¬ 
pal  wastewa ter/ieachate  treatment  process,  the  BODs  are  5  and  30  mg/L,  respec¬ 
tively,  for  the  effluent  produced  by  the  complete  treatment  system.  The  total 
dissolved  solids  levels  are  300  and  750  mg/L,  respectively.  In  addition,  the 
color-bearing  materials  are  removed  completely  with  the  complete  leachate 
treatment  process.  Therefore,  to  lessen  the  Impact  of  the  treated  leachate  on 
the  environment,  complete  treatment  using  aerated  lagoons  and  physical/ 
chemical  treatment  processes  is  most  desirable.  As  leachate  BOD5  levels 
decrease,  however,  the  difference  in  treatment  costs  between  complete  leachate 
and  a  combined  municipal  wastewater/leachate  system  would  be  somewhat  greater. 

Although  the  information  presented  in  Table  46  can  be  particularly  valu¬ 
able  In  establishing  the  effect  of  changes  in  leachate  flow  rates  and  BOD5 
levels  on  treatment  costs,  the  specific  costs  presented  should  he  used  with 
caution.  It  should  be  realized  that  specific  circumstances  may  alter  treat¬ 
ment  costs  drastically.  For  example,  if  the  leachate  were  allowed  to 
discharge  Into  a  municipal  wastewater  treatment  plant  having  excess  capacity, 
the  cost  (in  terms  of  the  surcharges  paid)  could  be  substantially  lower  than 
the  estimates  presented  here. 


Lag oon  Treatment  of  Landfill  Leachates  —  Design  Guidance 

This  cost  analysis  suggests  that  a  lagoon  system  often  is  the  most 
economical  alternative  for  treating  low  volumes  of  young  sanitary  landfill 
leachate.  The  advantages  of  these  systems  are  their  low  initial  investment 
requirement  and  low  operation  and  maintenance  costs,  their  extreme  simplicity 
of  operation  and  lack  of  sludge  handling  requirements,  and  their  capacity  to 
withstand  hydraulic  and  organic  shock  loadings.  However,  unless  very  long 
hydraulic  detention  times  are  used,  effluent  quality  often  does  not  meet 
secondary  standards  because  of  the  suspended  solids  from  algal  production. 

BOD  and  nutrient  removal  efficiencies  drop  quickly  and  must  be  monitored 
before  discharge. 

The  primary  lagoon  systems  applicable  in  leachate  treatment  are  aerobic 
and  facultative.  Design  data  for  sewage  treatment  facilities  are  used  as  a 
best  approximation  since  leachate  treatment  parameters  have  not  been  esta¬ 
blished.  WES's  experience  with  pilot-scale  lagoons  indicates  that  the  treat¬ 
ment  of  leachate  may  be  expected  to  differ  from  municipal  sewage  treatments  in 
that  a  large  fraction  of  the  BOD  consists  of  volatile  organic  acids  which  are 
rapidly  lost  to  the  atmosphere;  BOD's  may  drop  from  50  000  mg/L  to  5000  rag/L 
in  12  to  48  hours  in  a  shallow  pond.  The  large  volatile  component  makes  load¬ 
ing  factors  difficult  to  use  as  design  criteria.  A  second  difference  in 
leachates  Is  the  large  proportion  of  the  COD  which  is  represented  by  ferrous 
iron.  The  oxidation  of  ferrous  to  ferric  iron  by  bacteria  spontaneously 
causes  oxygenation  problems.  In  addition,  a  large  amount  of  ferric  hydroxide 
precipitate  is  generated;  this  clogs  filters  and  causes  sludge  buildup. 
Depending  on  the  composition  of  the  waste  in  the  landfill,  toxic  levels  of 
heavy  metals  and  special  organics  can  be  present  in  the  leachates  —  just  as 
they  might  be  in  the  influent  of  sewage  treatment  plants  which  have  industrial 
customers.  Heavy  metals  have  been  a  problem  only  when  there  was  substantial 
recirculation  of  leachate. 
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Landfill  Leachates  also  differ  from  sewage  In  that  the  flow  volume  and 
content  can  vary  considerably,  depending  on  temperature  and  precipitation.  In 
most  areas,  maximum  leachate  production  occurs  in  the  spring  and  falls  to  very 
low  flows  in  the  summer  and  fall  —  except  after  heavy  rain.  Frozen  landfills 
generally  produce  little  or  no  leachate.  Lagoon  systems  should  be  designed  to 
handle  the  highest  seasonal  flow.  Outflow  may  have  to  be  stopped  during  a  low 
flow  season,  or  water  may  have  to  be  pumped  in  from  an  external  source  to 
maintain  appropriate  treatment  depths.  Retention  times  may  also  be  quite 
variable.  Because  of  these  difficulties,  the  design  parameters  given  here 
should  be  considered  only  very  broad  estimates. 

Before  a  specific  leachate  treatment  system  can  be  designed,  as  much 
background  information  as  possible  should  be  collected.  In  many  areas  where 
leachate  treatment  becomes  necessary,  much  of  the  basic  data  will  not  readily 
be  available,  and  sound  engineering  judgment  will  be  needed.  For  example, 
seasonal  leachate  flow  volumes,  anticipated  COD  and  BOD  loads,  solids  content, 
and  seasonal  temperatures  and  radiation  may  have  to  be  estimated.  The  follow¬ 
ing  list  of  information  requirements  includes  most  important  parameters;  the 
specific  items  in  parentheses  are  particularly  important .  1-27 

1.  Waste  type  and  characteristics: 

a.  Domestic  (type,  age,  compaction) 

b.  Industrial  (type,  age,  pretreatment) 

c.  Combination  (relative  percentages) 

2.  Leachate  characteristics: 

a.  Volume  (minimum,  maximum,  seasonal  averages) 

b.  Concentration  of  organics  (COD,  BOD,  TOC) 

c.  Solids  (total,  settleable,  suspended,  dissolved,  total  volatile, 
and  fixed  solids) 

d.  Nutrient  concentration  (nitrogen,  phosphorus) 

e.  Toxicity  (BOD  reduction  rates,  bioassays,  pathogens) 

f.  pH  (minimum,  average,  maximum,  buffering  capacity) 

3.  Site  hydrology  and  meteorology: 

a.  Evaporation  (average,  seasonal) 

b.  Rainfall  (average,  seasonal,  major  storms) 

c.  Air  and  water  temperature  (average,  seasonal,  hottest  month, 
coldest  month) 


F.  Gloyna. 
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d.  Groundwater  (average  depth,  permeability  of  formation) 

e.  Wind  (average  seasonal  velocities  and  directions) 

f.  Cloud  cover  (seasonal  averages) 

g.  Solar  radiation  (minimum  monthly,  seasonal,  and  annual  average) 

4.  Topography: 

a.  Soil  characteristics  (ease  of  excavation,  embankment  use,  perco¬ 
lation,  compaction) 

b.  Flood  stages  (100-year  flood,  high-water  marks) 

c.  Local  housing,  industry  (distance  to  residential  and  commercial 

areas) 

d.  Surface  flow  (stream,  seasonal  flow) 

5.  Use  of  effluent: 

a.  Groundwater  supplementation 

b.  Immediate  irrigation 

c.  Industrial  use 

d.  Wildlife  or  recreational  use. 

Lagoon  treatment  of  landfill  leachate  presents  unusual  design  problems: 

1.  The  strength  of  leachate  varies  with  time  and  with  the  nature  of  the 
waste  in  the  landfill. 

2.  Flow  rates  are  determined  largely  by  rainfall  and  infiltration. 

3.  Major  treatment  may  have  to  continue  after  the  landfill  has  stopped 
receiving  refuse  and  has  been  closed. 

Fortunately,  the  design  and  operation  of  lagoon  systems  and  adaptations 
of  lagoon  systems  can  be  very  flexible.  And  since  lagooning  has  low  opera¬ 
tions  and  maintenance  costs,  it  can  be  continued  economically  after  landfill 
closure. 

Most  lagoon  treatment  systems  for  landfill  leachate  designs  have  followed 
guidance  for  conventional  sewage  lagoons. 128  jn  addition,  however,  landfills 
must  be  designed  to  accommodate  changes  in  the  strength  and  volume  of 
leachate.  Strength  changes  can  be  handled  by  varying  retention  times  or 
diluting  the  effluent  with  treated  water.  The  volume  of  leachate  can  be  con¬ 
trolled  with  modular  lagoons  and  with  equalization  using  the  landfill  itself 
(by  recycling  excess  leachate  during  high  flow  periods)  or  equalization 

*28r.  l.  Culp  et  al;  M.  J.  Hammer;  Metcalf  and  Eddy,  Inc. 
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lagoons.  Provisions  can  also  be  made  for  adding  intermittent  chemical  treat¬ 
ment  or  nutrient  supplementation  for  biological  treatment. 

Lagoon  design  usually  begins  with  an  estimate  of  leachate  volume  based  on 
rainfall,  assumed  infiltration  rate,  and  liner  leakage.  The  work  of  Fenn,  and 
Perrier  and  Gibson  can  be  helpful  in  developing  estimates  of  average  and  max¬ 
imum  leachate  flow. 129  in  most  cases,  the  lagoon  and  recycle  or  equalization 
system  should  be  designed  to  handle  the  25-year  maximum. 

Leachate  strength  and  specific  treatment  problems  related  to  a  particular 
landfill  are  usually  determined  by  checking  existing  leachate  samples  from 
landfills  accepting  the  same  refuse.  Treatability  studies  on  a  bench  scale 
are  very  helpful. 

Discharge  systems,  such  as  spray  irrigation  or  overland  flow,  often  can 
be  established  to  provide  a  polishing  system  or  to  limit  the  effects  of  treat¬ 
ment  system  failure.  Excess  lagoon  capacity  that  allows  operation  with  inter¬ 
mittent  discharge  is  often  useful  because  lagoon  operators  can  ensure  that  the 
water's  quality  is  acceptable  before  release.  Where  appropriate,  treated 
leachate  can  be  discharged  into  municipal  sewage  systems  to  allow  further 
treatment  and  dilution. 

Treatment  systems  can  also  be  designed  to  promote  stabilization  of  the 
landfill  by  adding  water  to  the  refuse  or  retaining  water  in  the  refuse  to 
make  sure  there  is  as  much  bacterial  action  as  possible.  Gas  production  can 
be  increased  by  leachate  recycling.  Accelerated  stabilization  of  a  landfill 
can  decrease  the  time  needed  for  leachate  treatment  and  return  of  the  land  to 
other  uses. 


Design  Example  for  a  Single  Aerated/Facultative  Lagoon 

The  following  example  of  system  design  is  for  a  facultative  lagoon  to 
which  aeration  may  be  added  to  increase  the  loading.  The  contents  of  a  facul¬ 
tative  lagoon  are  not  completely  mixed  (even  with  aeration),  so  portions  of 
the  incoming  and  biologically  produced  solids  settle  to  the  pond's  bottom 
zone,  which  is  anaerabic.  The  anaerobic  decomposition  in  the  bottom  layer 
promotes  a  more  complete  breakdown  of  the  wastes  and  a  higher  quality  effluent 
than  does  a  strictly  aerobic  (completely  mixed  or  very  shallow)  lagoon.  The 
aerobic  upper  zone  aids  in  the  rapid  metabolism  of  dissolved  components,  and 
in  the  oxidation  and  destruction  of  any  reduced  material  (such  as  sulfides) 
which  may  be  released  from  the  anaerobic  lower  layer.  An  evaporative/ 
facultative  lagoon  may  also  be  useful  in  warm  or  arid  regions  where  total 
retention  is  necessary. 

Design  Input  Data 

1.  Leachate  flow  data.  This  parameter  is  difficult  to  estimate  with  the 
current  understanding  of  and  experience  with  landfills.  Flow  depends  on 
parameters  such  as  rainfall,  infiltration  rate,  landfill  cover,  liner  confi¬ 
guration,  and  leakage  to  groundwater.  The  work  of  Fenn  et  al.,  and  of  Perrier 
and  Gibson  can  be  helpful  in  developing  estimates  of  average  and  seasonal 
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maximum  flow  rates. *30  It  is  suggested  that  the  leachate  lagoon,  recycle,  or 
equalization  system  be  designed  to  handle  the  25-year  maximum  expected  flow. 

2.  Leachate  characteristics.  These  are  also  difficult  to  estimate  and 
are  usually  quite  variable  with  the  season  and  the  age  of  landfill: 

a.  BOD  level  (mg/L)  —  may  also  be  inferred  from  COD  levels  and  age 
of  landfill. !31 

b.  SS  (mg/L)  —  usually  not  a  problem  in  leachate  influent  unlets 
oxidation  of  ferrous  iron  has  occurred. 

c.  VSS  (mg/L)  —  this  fraction  is  the  portion  of  the  suspended 
solids  which  will  volatilize  at  1112  F. 

d.  Nitrogen  (mg  N/L). 

e.  Phosphorus  (mg/L). 

3.  Desired  degree  of  treatment.  This  Is  usually  stated  in  terms  of 
effluent  standards  such  as  secondary  treatment  standards  of  SS;  BOD  monthly 
and  weekly  means  of  less  than  30  mg/L  and  45  mg/L,  respectively;  and  pH 
between  6.0  and  9.0.  Higher  transitory  levels  of  BOD  up  to  100  mg/L  may  be 
allowed  under  special  circumstances,  and  treatment  systems  of  less  than  2  mgd 
may  be  exempt. 3 32 

Design  Parameter  Estimation 

1.  Reaction  rate  constant  per  day  at  20°C  (*__)•  This  term  is  used  in 
design  equations.  It  has  not  been  determined  for  leachate,  but  its  estimate 
for  sewage  treatment  is  between  0.5  and  1.0/day  (averaging  around  0.75/day). 

2.  Temperature  correction  coefficient  (0).  Approximately  1.075. 

3.  Fraction  of  BOD  removed  for  respiration  (a)  (not  appearing  in  SS). 
Again  estimated  from  sewage  treatment  as  0.9  to  1.4;  the  average  is  1.1. 

4.  BOD  feedback  from  bottom  or  sediment  (F).  Estimated  summer  at  20 
percent  (F  «  1.2)  and  winter  is  5  percent  (F  *  1.05). 

Design  Procedure 

1.  Select  a  rate  constant  (K)  and  adjust  for  summer  and  winter  tempera¬ 
tures  using  the  following  relationship: 

Kt  -  *20  0<T“2O>  [Eq  6] 


330d#  g.  penn  et  al.;  E.  R.  Perrier  and  A.  C.  Gibson. 
131E.  S.  K.  Chian  and  F.  B.  DeWalle,  Vol  I. 
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where:  K^,  -  rate  constant  at  desired  temperature  (T  In  °C) 

■  rate  constant  at  20°C 

@  =  temperature  correction  coefficient. 

2.  Calculate  detention  times  to  meet  winter  and  summer  efficiencies 
using  the  relationship: 


1  +  Kft 


[Eq  7] 


where:  *  effluent  soluble  BOD  required  (mg/L) 

*  influent  BOD  (after  any  dilution)  (mg/L) 

K  *  reaction  rate  constant  at  projected  temperature 
F  *  BOD  sediment  feedback 
t  *  detention  time  (days). 

Select  the  larger  of  the  two  detention  times. 

3.  Calculate  lagoon  volume  using  the  formula 


v  *  <W  c 


[Eq  8] 


where:  V  *  lagoon  volume  (in  ) 


Qmax  *  maximum  seasonal  flow  volume  (m  /day) 
t  *  detention  time  (days) 

4.  Determine  winter  and  summer  oxygen  requirement  (kg/day).  Fraction  of 
BOD  removed  by  respiration  (a)  must  be  assumed  in  following  expression: 


O2  ■  a  Sr  QF 


[Eq  9] 


where;  0^  *  oxygen  required  (g/day) 

a  *  fraction  BOD  removed  by  respiration 
Sf  *  BOD  removed,  SQ-Se  (mg/L) 

Q  *  flow  rate  (10^  m'Vday) 

F  »  BOD  sediment  feedback. 

5.  Aeration  system  size  and  energy  requirements  should  not  be  determined 
from  oxygen  requirement  and  lagoon  size.  Horsepower  required  which  will  still 
allow  solids  to  settle  in  from  0.01  to  0.02  hp/1000  gal. 


6.  The  actual  BOO  In  the  effluent  can  be  calculated  from  the  soluble  BOD 
in  the  effluent  (Sg)  and  the  amount  of  VSS  in  the  effluent  (all  in  mg/L): 

Actual  BOD  -  Se  +  0.3  (VSS)  [Eq  10] 


The  VSS  can  be  estimated  as  80  percent  of  the  TSS  in  the  effluent. 

7.  Optimum  nutrient  levels  in  the  lagoon  influent  have  been  estimated  as 
B0D:N:P  =  100:5:1.  Although  nutrient  additions  to  leachate  treatment  systems 
generally  do  not  increase  treatment  efficiency,  nutrient  ranges  in  the 
leachate  should  be  determined  for  future  reference.  Lime  addition  for  ammonia 
stripping  or  metal  removal  will  also  precipitate  phosphate  and  may  cause  a 
phosphorous  deficiency  in  the  system. 

Example  Calculations  for  Single  Lagoon 

Estimated  leachate  influent  parameters: 

1.  BOD  =  500  mg/L.  This  level  of  influent  BOD  can  be  reached  by  dilut¬ 
ing  the  leachate  with  local  makeup  water,  or  by  holding  the  leachate  in  a 
shallow  equalization  pond  for  5  to  10  days  before  entry  into  facultative 
lagoon. 

2.  SS  »  30  mg/L  and  24  mg/L.  Ferric  iron  oxide  will  add  significantly 
to  the  total  SS,  but  not  to  the  VSS  in  the  influent  if  the  leachate  has 
equilibrated  with  air  over  a  period  of  time,  or  has  been  mixed  with  aerated 
makeup  water.  The  iron  oxide  will  end  up  in  the  sludge  and  will  not  have  an 
appreciable  effect  on  the  effluent  SS. 

3.  Nitrogen  (as  NH  )  »  75  mg/L  in  diluted  or  equalized  influent.  Phos¬ 
phorous  *  5  mg/L. 

4.  Lagoon  temperature:  summer  30°C,  winter  10°C. 

5.  Desired  effluent  BOD  ■  30  mg/L. 

6.  Maximum  leachate  flow  (Q  )  ■  0.1  mgd. 

max 

7.  Estimated  design  parameters: 

a.  Fraction  of  BOD  removed  by  respiration  (K^q)  “  0.75/day. 

b.  Temperature  correction  coefficient  (§)  =>  1.075. 

c.  Fraction  of  BOD  removed  for  respiration  (a)  ■  1.1. 

d.  BOD  feedback  from  sediment  (F),  summer  *  1.2;  winter  -  1.05. 

Calculations: 

1.  Adjust  rate  constant  to  actual  lagoon  temperatures: 

a.  Summer:  K^0  -  K2Q  »(T"20)  -  0.75  (1.075)30"20  -  1.55. 


b.  Winter:  K1Q  -  0.75  (1.075)10"20  -  0.364. 

2.  Calculate  detention  times  for  summer  and  winter: 

Se  p 

a.  Summer:  _  ■  _ 

So  1  +  k30c 

30  _  1.2 

500  "  1  +  1 . 55t 


b.  Winter: 


t  =  12  days 

30  _  1.05 

500  1  +  0.364t 


t  =  45  days 


t  Thus,  select  maximum  detention  time  of  45  days. 

I 

|  3.  Calculate  volume  of  lagoon: 


V  ■  Omax*  *  378(45)  -  17  x  103  m3  (4.5  x  106  gal) 


This  is  equivalent  to  a  1.4-acre  pond,  10-ft  deep. 

4.  Calculate  oxygen  requirement  (summer): 

0  -  a  S  QF  -  1.1  (500-30)  (0.378)  (1.2)  -  234  kg/day. 

5.  Estimate  horsepower  required  for  aeration: 

(17  x  10^  m^)  (4.5  hp/10^  in'*)  *  76.5  hp. 

6.  Determine  nutrient  requirements  (B0D:N:P  »  100:5:1). 

For  BOD  =  500  mg/L,  N  *  25  mg/L  and  P  ■  5  mg/L  are  required. 


Multiple  Facultative  Lagoon  Considerations 

Two  or  three  lagoons  operated  in  series  are  preferable  to  the  single, 
large  pond  discussed  above.  A  reasonable  and  conservative  design  solution  for 
multiple  lagoons  in  series  is  simply  to  divide  the  single  lagoon's  size  and 
depth  into  series  or  parallel  multiple  ponds  suitable  to  the  site. 

Multiple  lagoons  greatly  lessen  the  possibility  of  short  circuits  (which 
defeat  the  retention  time  design  factor)  and  allow  a  certain  amount  of  equali¬ 
zation  of  peak  loads  and  volumes.  Multiple  ponds  are  also  much  more  easily 
designed  on  sloping  or  Irregular  sites  where  transfer  between  lagoons  can 
easily  be  made  by  gravity.  However,  dike  and  berm  length  are  increased  with 
multiple  ponds. 
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6  CONCLUSIONS 


The  choice  of  appropriate  treatment  for  landfill  leachate  should  depend 
bn  leachate  quality  and  discharge  criteria.  Young  leachates  (generated  from 
landfills  closed  for  5  years  or  less)  are  best  treated  by  biological  treatment 
operations.  Older  leachates  (generated  from  landfills  closed  for  more  than  5 
years)  are  usually  more  amenable  to  physical/chemical  forms  of  treatment.  In 
many  cases,  a  chain  of  unit  operations  must  be  applied  to  achieve  the  desired 
effluent  quality.  Equalization  before  treatment  can  increase  process  perfor¬ 
mance  and  reliability  by  preventing  influent  flow  and  concentration  fluctua¬ 
tions.  Including  an  equalization  step  in  the  treatment  chain  depends  on  the 
need  for  the  function  and  the  economic  trade-off  of  sizing  subsequent 
processes  to  meet  peak  flow  depends. 

Based  on  CERL's  examination  of  specific  treatment  systems,  it  is  con¬ 
cluded  that: 

1.  Ammonia  stripping  is  a  sensitive,  costly  process  which  effectively 
reduces  ammonia  concentrations  to  levels  acceptable  for  further  biological 
treatment . 

2.  Carbon  adsorption  is  an  extremely  versatile  process  which  may  be  used 
as  a  polishing  step  for  problem  leachate  constituents  (PCBs,  phenols,  pesti¬ 
cides,  toxic  inorganics,  chlorinated  hydrocarbons,  organic  phosphorus,  car¬ 
bonates).  In  most  cases,  extensive  pretreatment  is  required;  this  adds  to  the 
cost  of  an  already  expensive  technology. 

3.  Chlorination  is  a  reliable,  economical  means  of  disinfecting  waste 
and  provides  coincidental  oxidation  of  other  compounds. 

4.  Ion  exchange  (solid)  can  polish  leachates  containing  soluble  metallic 
elements,  halides,  cyanides,  acids  —  such  as  carboxylics,  sulfonics,  and 
phenols  —  and  appropriate  pHs .  Upper  limits  for  removal  do  exist.  Overall 
ion  exchange  (solid)  is  an  exceptionally  sensitive,  expensive  technique 
requiring  extensive  pretreatment. 

5.  Ion  exchange  (liquid)  removes  inorganics  to  much  higher  concentra¬ 
tions  than  does  ion  exchange  (solid).  Costs  and  system  sensitivities  are 
similar  in  magnitude  to  conventional  ion  exchange. 

6.  Precipitation,  flocculation,  and  sedimentation  are  effective  methods 
of  metal  removal  to  certain  limits.  The  governing  factor  is  pH  because  it 
controls  the  solubility  of  the  metal  hydroxides  formed  during  the  process. 
Operation  and  maintenance  costs  are  high  because  of  the  need  for  chemicals. 
Sludge  is  also  a  problem. 

7.  Reverse  osmosis  separates  dissolved  salts  and  some  organics  from  the 
waste  stream.  The  process  requires  extensive  pretreatment  and  has  high  capi¬ 
tal  and  operation  and  maintenance  costs. 

8.  Wet  air  oxidation  can  handle  high  organic  waste  concentrations. 

Costs  are  proportional  to  the  waste  volume  treated. 
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9.  Activated  sludge  can  treat  most  organic  waste  streams  if  a  properly 
acclimated  biological  population  is  present.  All  versions  of  this  system  are 
costly  (because  of  process  configuration  and  separation),  require  highly 
skilled  personnel  to  maintain  proper  function,  and  are  sensitive  to  shock 
loadings. 

10.  Trickling  filters  and  rotating  biological  discs  are  recommended  as 
roughing  or  secondary  processes  for  organic  wastes.  Rotating  biological  discs 
are  the  more  flexible  process. 

11.  Lagoons  (aerobic,  anaerobic,  and  facultative)  show  the  most  poten¬ 
tial  for  treating  young  leachates.  Lagoon  technology  is  a  straightforward, 
cost  effective  method  of  treating  most  sanitary  landfill  leachates. 
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APPENDIX: 


BASIS  OF  COST  ESTIMATES 


The  cost  estimates  presented  in  this  appendix  are  intended  to  help  solid 
waste  management  planners,  decision  makers,  and  design  engineers.  These  peo¬ 
ple  must  select  alternative  onsite  and  offsite  leachate  treatment  methods  that 
will  provide  a  designated  level  of  treatment  for  leachates  of  various 
strengths  and  flow  rates.  The  estimates  are  based  directly  on  those  derived 
by  Chian  and  Dewalle  and  are  updated  to  August  1977.134 

The  leachate  flow  rates  and  BOD5  levels  examined  were  2  and  20  gal/min, 
and  5000  and  25  000  mg/L,  respectively.  These  values  were  selected  so  that  a 
broad  range  of  leachates  produced  by  various  landfill  sites  could  be  con¬ 
sidered.  In  view  of  the  high  BOD5  levels  and  the  objective  of  low  treatment 
cost,  biological  processes  were  selected  for  first-stage  treatment. 
Physical/chemical  treatment  processes  would  be  used  to  treat  the  effluents 
from  aerated  lagoons  and  anaerobic  filters. 

There  are  certain  limitations  in  using  the  cost  estimates  presented  here. 
Estimates  based  on  treatment  data  obtained  from  the  laboratory  studies  and  on 
average  cost  estimating  data  should  be  considered  accurate  enough  to  use  only 
for  general  conclusions.  When  used  with  sound  judgment  by  knowledgeable  per¬ 
sons,  the  data  can  be  useful  in  selecting  appropriate  treatment  processes  for 
a  specific  leachate  with  known  levels  of  contamination  and  flow  rates.  It 
should  also  be  realized  that  the  cost  estimates  presented  in  this  appendix 
must  be  revised  and  updated  periodically  since  waste  treatment  costs  change 
continually,  and  since  new  and  improved  waste  treatment  techniques  and  metho¬ 
dologies  are  rapidly  emerging. 


Addition  to  Activated  Sludge  Sewage  Treatment  Plant 

The  cost  estimates  for  the  combined  treatment  of  leachate  and  municipal 
wastewater  were  based  on  the  addition  of  leachate  at  a  level  of  1  percent  by 
volume  to  the  sewage  when  the  nominal  daily  flow  rate  of  the  leachate  is 
30,000  gal  (20  gpm) .  The  proportion  of  leachate  added  was  reduced  to  0.1  per¬ 
cent  by  volume  when  its  flow  rate  decreased  to  3000  gal/day  (2  gpm).  If  the 
leachate  represents  1  percent  of  the  flow  into  the  municipal  treatment  plant, 
the  overall  flow  rate  of  the  plant  must  be  3  mgd. 

The  BOD5  level  of  the  municipal  sewage  introduced  into  the  activated 
sludge  system  from  the  primary  sedimentation  basin  is  typically  140  mg/L. 

When  1  percent  of  leachate  having  a  BOD5  of  25  000  mg/L  is  added,  the  BOD5  of 
the  combined  wastewater  becomes  390  mg/L  (140  +  1  percent  of  25  000), 
corresponding  to  a  279  percent  increase  in  sewage  strength.  To  maintain  the 
same  effluent  quality,  the  municipal  treatment  plant  should  therefore  have  the 
capacity  to  treat  the  equivalent  of  8.4  mgd  of  sewage  having  a  BOD5  of  140 
mg/L.  A  280  percent  decrease  in  sludge  settling  rate  was  also  observed  when 

s.  K.  Chian  and  F.  B.  DeWalle,  Evaluation  of  Leachate  Treatment;  Vol  II: 
Biological  and  Physical-Chemical  Processes,  EPA-600/2-77-186b  (U.S.  En- 
vironmental  Protection  Agency,  1977),  265  pp. 
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leachate  was  added  at  1  percent.  Again,  to  counteract  this  effect  the  munici¬ 
pal  treatment  plant  facilities  should  be  expanded  to  the  equivalent  of  8.4  mgd 
to  maintain  the  same  effluent  quality.  The  increased  treatment  cost  (result¬ 
ing  from  the  need  for  large  aeration  and  sedimentation  basins),  greater  air 
supply,  larger  anaerobic  digesters,  and  increased  sludge  disposal  are  attri¬ 
butable  to  treating  the  specific  leachate  under  study.  The  additional  costs 
of  transporting  the  leachate  through  pipelines  and  by  trucking  were  also  con¬ 
sidered  . 

The  calculations  of  the  aeration  basin  volume  requirements  were  based 
upon  an  F/M  ratio  of  0.3  day-1  and  a  MLVSS  of  2000  mg/L.  A  yield  of  0.65  g 
VSS/g  BOD5  was  used  for  sewage  and  0.80  g  VSS/g  BOD5  for  leachate.  A  factor 
of  0.8  was  used  to  convert  MLSS  to  VSS. 

Cost  figures  based  on  the  total  costs  of  treating  1000  gal  of  sewage 
influent  having  a  BOD5  of  140  mg/L  and  at  a  specific  plant  capacity  as  given 
by  Bechtel,  Inc.  were  used  to  arrive  at  the  costs  for  conventional  activated 
sludge  treatment,  anaerobic  digesters,  and  sludge  drying. 1-35  ^  factor  of  1.25 

was  then  used  to  update  the  costs  to  August  1977.  The  costs  of  transporting 
leachate  by  pipeline  were  calculated  assuming  the  use  of  3-in.-diam, 
schedule-40  PVC  pipe  for  a  distance  of  15  mi  at  an  available  pumping  head  of 
75  psig.  For  smaller  quantities  of  leachate,  a  trucking  cost  of  7.5<!/100  lb 
of  liquid  for  a  30-mi  round  trip  was  used. 


Aerated  Lagoon 


The  design  criteria  for  an  aerated  lagoon  to  treat  leachate  are  as  fol¬ 
lows  : 


BOD5  removal . 

Mean  cell  residence 

time . . . 

ML)VSS . 

Growth  yield  coefficient 
Microorganism  decay 

coefficent  k<j) . 

Aerator . 

BOD5 : P . 

BOD5 : N . 

Sludge  production . 

Sedimentation  basin.... 


99  percent 

90  days  (BOD  -  25  000  mg/L) 

30  days  (BOD  =  5000  mg/L) 

8000  mg/L  (BOD  =  25  000  mg/L 
6000  mg/L  (BOD  =  5000  mg/L) 

0.8  g  VVS/g  BOD 

0.025  day-5 

2  lb  oxygen/hp-hr  under  field  conditions 
150:1 
20:1 

g  VSS/0.8 
400  gpd/sq  ft 


Design  equations  given  in  Wastewater  Engineering  were  used  to  determine 
variables  such  as  the  volume  of  the  aeration  basins  and  the  oxygen 
requirements . *36 


The  capital  (including  engineering  costs),  operation,  and  maintenance 
costs  were  estimated.  The  installed  costs  of  the  basins  were  increased  15 

^ ^ Be C h t e 1 ,  Inc.,  A  Guide  to  the  Selection  of  Cost-Effective  Wastewater  Treat¬ 
ment  Systems,  Report  No.  PB-244-417  (U.S.  Department  of  Commerce,  1975). 

*  ^Metcalf  and  Eddy,  Inc.,  Wastewater  Engineering:  Collection,  Treatment,  and 
Disposal  (McGraw-Hill  Book  Co.,  1979). 
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percent  to  cover  the  piping  costs.  The  costs  of  ammonia  and  phosphoric  acid 
were  taken  as  of  August  1977.  Costs  of  $120/ton  for  ammonia  and  $3.20/100  lb 
for  agriculture-grade  phosphoric  acid  (52  to  54  percent  available  phosphoric 
acid)  were  used.  The  land  cost  was  estimated  at  $5000/acre.  For  electrical 
energy,  a  cost  of  0.3^/kWh  was  used.  An  average  pay  rate  of  $10.00  per  man¬ 
hour,  including  overhead  costs,  was  used  to  estimate  operating  and  maintenance 
costs.  Capital  equipment  was  depreciated  on  a  straight-line  basis  over  10 
years  for  moving  equipment  and  20  years  for  fixed  installations.  Interest 
charges  were  computed  at  the  rate  of  4  percent  of  the  initial  capital  invest¬ 
ment  over  the  entire  period. 


Anaerobic  Filter 


The  design  criteria  used 
with  an  anaerobic  filter  were 


for  estimating 
as  follows: 


the  costs  of  treating  leachate 


BOD5  removal . . 

Loading . 

Yield,  VSS.... 
Detention  time 


Recirculation  ratio.... 
Yield,  methane . 


97  percent 

0.31  kg  B0D5/g  BOD5 

0.024  g/VSSg  B0D5 

87  days  (leachate  BOD  =  25  000  mg/L) 
16  days  (leachate  BOD  -  5000  mg/L) 
20:1 

1.75  (78  percent  CH4)/g  TOC 


The  capital  investment  estimate  was  based  on  the  use  of  a  rubber-lined 
steel  tank  and  vinyl  core  packings,  and  equipment  such  as  pumps  and  piping. 
The  operating  costs  were  computed  in  the  same  way  as  for  the  aerated  lagoon; 
the  maintenance  costs  used,  however,  were  5  percent  of  the  capital  investment 
on  an  annual  basis. 


Slow  Sand  Filtration 


The  cos t  estimates  for  the  slow  sand  filtration  unit  were  based  on  a  sin¬ 
gle  data  point:  a  unit  of  comparable  capacity  installed  recently  (1977).  A 
rather  conservative  flow  rate  of  8  gal/day-sq  ft  was  used  in  the  design  of  the 
filter.  The  operating  and  maintenance  costs  were  calculated  using  the  previ¬ 
ously  described  methods  of  computing  costs  such  as  depreciation,  interest,  and 
maintenance . 

Activated  Carbon 


Based  on  both  the  batch  isotherm  and  the  column  data,  the  design  criteria 
for  the  activated  carbon  unit  were  as  follows: 
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Influent  TOC* 


200  mg/L  from  aerated  lagoon  (AL) 
600  mg/L  from  anaerobic  filter  (AF) 
TOC  removal .  75  percent 

Color  removal .  90  percent  at  400  nanomicrons 

(X/M) .  0.15  g  TOC/g  carbon  (AL)** 

.  0.10  g  TOC/g  carbon  (AF) 

Activated  carbon .  Filtrasorb  400 

Contact  time .  2  hour 

Pretreatment .  Slow  sand  filter 


The  capital  investment  was  estimated  by  extrapolating  the  cost  data  pro¬ 
vided  by  Bechtel,  Inc.^^  After  being  updated  to  August  1977,  this  cost  was 
$1.0/1000  gal.  The  operation  and  maintenance  costs  were  also  obtained  from 
Bechtel,  Inc. ^38  The  cost  of  activated  carbon  used  was  $0. 65/lb. 


Reverse  Osmosis 


The  design  criteria  for  the  reverse  osmosis  process  were  as  follows: 


Pretreatment . .  Slow  sand  filtration,  activated 

carbon  column,  5  prefilter 
Product  water  recovery.  90  percent 

TDS  removal .  95  percent 

TOC  removal .  80  percent 

Module .  DuPont  Hollow  Fiber 

Pressure . . .  600  psig 


The  cost  estimates  for  reverse  osmosis  using  DuPont's  B-10  modules  were 
based  on  average  cost  data  obtained  from  the  manufacturers  as  of  August  1977. 
Average  costs  of  $1.67/gpd  and  $3.33/gpd  were  used  for  the  30,000  and  3000-gpd 
plants,  respectively.  The  power  requirements  are  20  hp  for  a  30,000-gpd  unit 
and  2  hp  for  a  3000-gpd  unit.  Unlike  activated  carbon  treatment  processes, 
operating  costs  for  reverse  osmosis  treatment  are  relatively  insensitive  to 
the  levels  of  contaminants  in  the  feed.  The  depreciation  costs  are  based  on 
10-year  life  for  the  mechanical  parts  and  a  3-year  life  for  the  membrane 
modules.  Other  costs  for  operation  and  maintenance  are  similar  to  those  used 
in  the  previous  calculations. 


*The  influent  TOC  will  be  1/5  of  this  with  a  leachate  having  a  BOD5  of  5000 
mg/L  instead  of  25  000  mg/L. 

**X  -  impurity  adsorbed;  M  »  weight  of  carbon  required. 

*^Bechtel,  Inc.,  A  Guide  to  the  Selection  of  Cost-Effective  Wastewater  Treat¬ 
ment  Systems^,  Report  No.  PB-244-417  (U.S.  Department  of  Commerce,  1975). 

1  ^Bechtel,  Inc.,  Guide. 


METRIC  CONVERSION  CHART 


1  acre 

■  0.4  ha 

1  ft 

■  0.3  m 

1  cu  ft 

-  28.3  L 

1  cfm/1000  gal 

-  7.5  x  10*  3  m3/m3/t 

1  yd 

■  0.9  m 

1  gal 

-  3.79  L 

1  gpm 

-  6.3090  x  10-2  L/s< 

1  mgd 

-  3.79  x  103  m3/day 

1  hp 

-  0.75  kW 

hp/1000  gal 

-  0.1970  kW/m3 

1  lb 

-  0.45  kg 

1  oz 

-  28.3  g 

1  psi 

■  6.9  kPa 

1  palg 

-  6-9  kPa 

1  yd 

-  0.9  m 

1  ton 

-  0.9  MT 

1  sq  yd 

2 

-  0*8  m 

°F-32 

-  °C 

1.8 
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